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ABSTRACT
In this thesis, the nature of the star forming core of the Mon R2 cloud is 
investigated using new. high spatial resolution observations. The new data include; maps 
of >2C0 J=3-)2, MCN J=4->3 and IT2CÜ , = 5,.5 4,,„ spectra of J==2-->1
and l^ c ü  J=3->2 at 12 positions, an infrared M-band spectrum, and finally sub- 
millimeter and millimeter continuum maps (450 |am. 800 jam, 1100 jam and 1300 |a.m).
Based on the spatial disu'ibutiun of the intensity of the ^2C0J=3->2 transition, we 
present a qualitative description of the region which consists of complexes and clumps. 
'I’he complexes surround a central area of lower intensity which coiTespcnds to the compact 
II 11 region in the cloud core. The radiation from the sub-millimeter and millimeter 
continuum maps is believed to be due to thermal emission from dust, located in and around 
the 11 II region. Some differences between the maps are believed to be due to the 
increttsing importance in the millimeter maps of free-free emission from ionized gas.
The complexes incorporate 13 smaller intensity peaks (clumps), which have large 
masses (2.7 to (1.007 Mo) and large velocity dispersions (typically 30 km/s). The CO 
clumps arc not disu'ibuted in a bipolar fashion. They probably formed from the interaction 
of the large outflow with the ambient gas. The source of the outflow is not clearly 
identified. We propose that the outflow could originate from 1RS 3. which has gone 
through a quiescent phase.
The CO excitation temperature, Tex, varies between 5 and 60 K. Although the CO 
J=.W 2 transition can locate the position of the dense gas, it misses a large fraction of the 
dense quiescent gas (70-80%) due to self-absorption.
The sum of the magnetic and the gravitational energy (12 x lÔ S erg) is somewhat 
smaller than the total kinetic energy of the inner core of the Mon R2 cloud (15 x 10^5 erg), 
and, hence, the core i.s either in the process of disruption or in dynamical equilibrium.
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I. INTRODUCTION
a. S tar  fo r m a t io n
M olucular c louds are considered to be the m ain star form ing sites  
(Zuckerman et al. 1976). H ow ever, if the characteristic values of density (nH; = 
lU3-i(jb c m o r  more) and radius (5-10 parsecs) are taken into account, then  
clearly these values m ust change by m any orders o f m agnitude to becom e  
com parable w ith those of a typical star. The obviou s physical process that 
could  be responsib le for the necessary com pression  is  the gravitational 
collapse of the cloud. If the cloud is  dense en ou gh  to be unstable against 
gravitational co llapse, then the se lf-sh ie ld in g  of the gas from  external 
ultraviolet photons w ill be adequate to m aintain a cold m olecular core. Less 
dense c louds can be invad ed  by u ltraviolet p h oton s w h ich  have enough  
energy to dissociate m olecular hydrogen and to warm the cloud core.
In a quantitative analysis it is useful to assum e that the only force that 
acts on the molecular cloud is its gravitational force, ignoring m agnetic fields, 
rotation and external pressure from the surrounding gas. The cloud w ill 
contract provided the gravitational energy is larger than its internal kinetic 
energy. If the relative m agnitude of the internal pressure is sm all, then the 
cloud w ill undergo a free-fall collapse. A ccording to D yson  and W illiam s 
(1980), for collapse to occur the free-fall time m ust be less than the tim e taken
for the inform ation that the pressure is increasing to travel across the eUuul 
(at the speed of sound If the cloud has a uniform density po> then tlte 
critical m ass for the cloud to collapse is g iven  by the Jeans mass:
Merit = ' S J  \'s''
w here G is the gravitational constant.
From this oversim plified  scenario w e find that the critical mass  tor 
cool m olecular clouds (typically nn - = 5 \  lU ' cnv'' and T -  2t) K) is about .U) 
solar m asses (M o), w hich corresponds to a critical radius of t).3 parsecs (pc). 
Since m olecular c louds are typically several parsecs in si/.e, such a small 
critical rad iu s ind icates that a m olecu lar  cloud could  contain  m any  
su b section s w h ich  collapse in d ep en d en tly ; th is w ould  also explain  the 
observed  tenden cy o f stars to form in groups. As a subsection  starts 
collapsing, the critical m ass decreases as the density increases, and therefore, 
the c lou d  w ill separate into even  sm aller  entities. T his hierarchical 
fragm entation w ill not continue indefin itely. The lower limit for the mass  
w ill be set by  the increasing gas opacity w hich will not allow the thermal 
radiation from the gas and the dust to escape. Not only will the tempera ture  
of these fragm ents rise, but also their sound speed and their critical mas.s will 
increase, since the latter is proportional to the sound  speed.  Model.s that 
propose a clum py structure for m olecular c louds (Norm an and Silk lU80; 
Blitz and Shu 1980) im ply that a cloud w ith c lu m p s  forms s ta rs  on small  
scales but is quite resistant to overall collapse. Therefore, it is not surpris ing 
that a large-scale collap.se of a molecular cloud has never been observed.
It should  bu obvious that the form ation of real stars is an extrem ely  
com plicated process. A com parison of the observed star form ing efficiency of 
2% w ith the predicted one o f 20-50% [Lada et al. (1984)] sh o w s that 
m echanism s that slow  dow n or stop the collapse m ust be sought. The m ost 
prom ising m echanism  is associated w ith  the presence of m agnetic fields in  
the m olecular clouds. The ions in these clouds, although they are relatively  
few (1 part in 10^), are the only species that are affected by m agnetic fields. A s 
the neutral particles succum b to gravitational forces, they are s lo w ed  dow n  
due to friction with the ions controlled by the m agnetic field. There are other 
factors that also need to be taken into account, for exam ple, turbulence and  
the rotation of the cloud. They undoubted ly  contribute to supporting the 
cloud cores, but are not thought to be the major supporting m echanism s. 
O bservations indicate (Shu et al. 1987) that the rotation rates of the cloud  
cores arc too sm all to stab ilize  them . Furtherm ore, turbulence w ou ld  
dissipate on short time scales (500,000 years).
D espite the supporting m echanism s, the clouds form  condensations. 
What processes might then lead these new  condensations to star formation? 
The condensation that w ill eventually form a star collapses in  a highly non- 
uniform , "inside-out" m anner, form ing another cond en sed  configuration . 
Because the core possesses angular m om entum , it form s a central protostar 
w ith a disk in its equatorial plane; both are deeply em bedded in the still- 
infalling envelope of dust and gas.
As time proceeds more of the rotating and inflow ing material w ill fall 
preferentially onto the disk. O bservations indicate that I  Tauri stars are
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usually found distributed throughout dense m olecular clouds. This is not 
alw ays the case for stars of higher m ass. Som e prom inent h igh-m ass  
protostars, such as GL 490 and GL 2591, are at the centre of their cloud. Many 
cases of high-m ass protostars, how ever, seem  to form in a sequential fashion 
from one edge o f the m olecular cloud to another, for exam ple C epheus Oli 3, 
W5 and W 4 (Elm egreen 1992). The M on R2 region contains many li stars. 
W hen one group of its B stars evolves, it can ionize the surrounding gas, tl'ius 
creating H II regions. A s the H II region expands, it com presses more gas, 
increasing the density. This leads to the next generation of m assive stars. 
A lthough there are no published  data that indicate that the stars in tlie Mon 
R2 cloud have form ed sequentially, it should  be noted that the compact 11 II 
region seen in the cloud core com presses the gas around the M II region, as 
w ill be seen in our CO observations.
b . M o le c u la r  o u t f lo w s
From the previous discussion one w ou ld  expect to find mass inflow in 
star form ing reg ion s, h o w ev er , the ob serva tion s cam e as a surprise. 
Zuckerm an et al. (1976), for exam ple, founu in a small region in the Orion 
Molecular C loud that the w idth of the CO em ission lines w as IMO k m /s'. This 
velocity is m uch larger than that observed throughout the cloud (5 k m /sj  
and, of course, supersonic since the speed of sound is approxim ately a few x 
0.1 k m /s . M oreover, one of he m ost intriguing characteristics that emerge
Th e notation k m / s  w ill  be  u sed  for un its  of velocity  rather than kni s
from many observations of the gas m otions in  star form ing regions is their 
bipolarity, i.e. the reced ing gas (red-sh ifted ) is  spatia lly  d isp laced  w ith  
comparison to the approaching (blue-shifted) gas.
T hese m otion s cou ld  in  p rincip le b e  interpreted  as any of the 
following: collapse, rotation, expansion, or turbulence. Rotation can be ruled  
out by the presence of very high velocities over relatively large areas, because 
they w ould indicate the presence of m asses = 10 '̂  M© versus the observed 100 
M o . Furthermore, the bipolarity o f the m ovin g  gas m akes collapse and  
turbulence highly unlikely candidates for explain ing the nature of the gas  
m otion, because it is hard to im agine collapse happening in a collim ated  
fashion. The consensus is that these m otions show  the presence of m olecular  
outflows. At least 150 m olecular outflow s are now  know n (Fukui 1989).
Lada (1985) d istin guishes three types o f outflow s: bipolar (73% o f his  
sam p le  o f 41 o u tflo w s) , sym m etr ica l (10%) and m o n o p o la r  (17%). 
Symmetrical outflow s show  approaching and receding gas in the sam e region, 
w hile m onopolar ou tflow s show  either approaching or receding gas. M ost 
outflow s are bipolar; this is the case for the outflow  seen in M on R2.
We can sum m arize other physical properties of the outflow ^. Their 
dim ensions are typically betw een 0.1 and 4 pc and their m asses range betw een  
0.1 and 100 M o- The energy of these ou tflow s derived from the observed  
m asses and velocities is enorm ous, 1043-1048 ergs (Snell 1987), The dynam ical 
time scales for various outflow s, sim plistically approxim ated by the ratio of 
the outflow's size to its radial velocity, range betw een 10  ̂ and 10  ̂ years, w ith  a 
canonical \ alue of 10  ̂ vears.
This brings up the issue ot where and w ith  w hat rate these outtlow s  
occur. Since the typical age of an outflow  is 2 x 10'̂  years, tliis leads to a rate ot 
birth of outflow  progenitors of 1.1 x 10'^ years'! k p c -  (Snell 1987), which is 
com parable to the rate o f star form ation of all stars m ore m assive than the 
Sun. This is an indication that all stars w ith M > M o undergo m ass loss via 
m olecular outflow s. Furthermore, the statistics permit all stars to go through 
an outflow  phase.
The m ost popular idea for explaining these outflow s is associated with  
the presence of an ionized  stellar w ind , created by a young stellar object or by 
an accretion disk surrounding the object. The w ind accelerates tlie ambient 
gas creating perhaps a thin shell of sw ept-up material at the interface ol the 
w in d  w ith  the m olecular c lou d . O ne of the aim s of the observations  
d iscu ssed  in  th is thesis is to identify  the stellar source of the outflow . 
H ow ever, none of the k n ow n  infrared objects in the Mon R2 citre can be 
clearly labeled as the source. W e suggest that IliS 3 could be responsible for 
the large outflow .
It is useful to compare the energy supp lied  by the ion i/ed  wind with  
the energy o f the outflow . In m ost cases the lum inous energy of the wijid is 
smaller than that of the outflow . Lada (1985) suggests this may be because: (i) 
the w in d s are variable w ith  tim e and they are observed as they are going  
through their q u iet phase, (ii) there is  an im portant neutral com ponent 
w hich  carries m ost of the w in d  m om entum  and energy, or (iii) the wind  
velocities are underestim ated. A lthough there is no overw helm ing proof for 
any of these hypotheses, there is evidence that a fast neutral alijmic wind
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exists in sam e outflow s, for exam ple NGC 2071 (Bally and Stark 1983), HH7-11 
(Lizano et al. 1988), DR 21 (Russell et al. 1992), and L1551 (van der Werf et al.
1989; Giovanardi et al. 1992). To our know ledge there has been no search for a 
neutral w ind in the M on R2 cloud.
A nother im portant problem  is the co llim ation  m echanism  for the 
outflow . There are at least three proposed m echanism s. First, the collim ated  
outflow  m ay be du e to a bipolar w ind  orig inating  at the surface o f  the  
protostar or in the surrounding accretion disk. A lternatively , a flattened  
density distribution m ay be able to collim ate an initially spherical w in d  into  
tw o op p o site  jets (KdnigI 1982; Torrelles et al. 1983). Both of th ese  
m echanism s predict that the dense gas should  have a disk-like m orphology  
w ith  a sym m etry axis parallel to the flow . A  third possib le m echanism  to 
cause bipolar outflow s is related to the hydrom agnetic w inds w hich  originate 
in the envelopes of rotating, m agnetized  d isks (Pudritz and N orm an 1983;
Pudritz 1985). A lthough w e w ill not address the collim ation issue for the CO 
outflow  seen in the M on R2 cloud, it should  be noted that our CO, H C N  and  
H 2CO observations do not show  a flattened structure around 1RS 3 or any of 
the other lum inous infrared sources.
vS
c. Summary of previous work on the Mon R2 region
i) General  descr ip t io n  o f  ihc moh'cuhir cloml
M on R2 (galactic coordinates are /'= 216  ̂ and = -12'’) is an association  
of stars illum inating nine reflection nebulae and w as first identified by van 
den Bergh (1966). The nebulae lie chiefly along a line running roughly east- 
w est about 2° (30 pc) in length. Four o f the nebulae correspond to NCJC 
objects: NGC 2185, NGC 2183, NGC 2182 and NGC 2170 (Tirion et al. 1992).
The distance to the reflection nebulae derived initially by Kacine (1%8) 
w as 830 pc. In 1970, this value w as revised to 950 pc by Racine and van den  
Bergh (1970). H ow ever, Herbst and Racine (1976) conclude that (830 ± 50) pc is 
the best determ ined distance, and this value is used here, unless otherw ise  
stated. These authors presented photom etric data for 29 stars in the Mon 1<2 
association and concluded that the reflection nebulae are illuminated by zero- 
age m ain -sequence (ZAM S) B1-B9 stars. From an 1 lertzsprung-R ussell 
diagram of stars in the region, Herbst and Racine proposed that star formation 
began in the M on R2 cloud betw een  6 and 10 m illion years ago.
The reflection nebulae seem  to have form ed in a m olecular cloud, 
w hich is frequently referred to as M on I^ . This cloud w as discovered when  
Loren et al. (1974) detected CO in em ission across the more optically obscured 
parts of the region. Kutner and Tucker (1975) presented CO J -W O  em ission  
observations o f a x 3' .̂5 region using a beam width of 2 .6 . The stronge.st
9
peak (Ti< = 31 K) in CO em ission  lies am ong three reflection nebulae vdB 68 , 
vdC69 and NGC 2170, and is not identified w ith any of them.
A more com plete survey in CO J= l->0 w as conducted by M addalena et 
al. (1986), The beam  w as larger than that of Kutner and Tucker, but the 
sam pling w as more thorough. Figure 1 indicates that the M on R2  cloud is an 
elliptical giant m olecular cloud with d im ensions o f 7°.6 x 2°.8 (110 pc x 40 pc). 
It is situated approxim ately 150 pc south  of the galactic plane and its major 
axis lies approxim ately parallel to the plane. H ughes and Baines (1985) note  
that the reflection  nebulae and the H II reg ion s in th is c lou d  have a 
remarkable distribution: 28 out o f the 30 objects are confined to a narrow strip 
that is 0°.5 (7 pc) w ide and 8  ̂ (115 pc) long.
M addalena et al. estim ated that the m ass o f the cloud is 0.9 x 10  ̂ M©- 
This value is consistent w ith  the spatially lim ited CO surveys o f Kutner and  
Tucker (M > 0.32 x 10  ̂ M© for an area of 3°.5 x 3°.5) and Loren (M = 0.23 x 10^ 
M o for an area of 20' x 35') if the uncertainties are considered.
W c w ill not em phasize the characteristics of the w hole M on R2 cloud, 
but w ill focus on som e of the interesting features that are associated w ith  the 
core of the cloud. The m ost prom inent feature is a very large m olecular  
outflow detected in CO. The core also contains a com pact H II region and H2O 
and OH masers (D ow nes et al. 1975). Finally, there is an infrared cluster  
located in the cloud core, the nature of w hich needs to be investigated. A ll 
of these phenom ena are indications that the cloud is a site of recent, 
possibly ongoing, star form ation, w hich  m akes this region so interesting.
10
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Fig. 1 The Mon R2 cloud mapped in CO J = l—>0. The interval 
between contours is 2.6 K km/s and the lowest contour level is at 1.5 K 
km/s (adapted from Maddalena et al. 1986).
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Thu CO outflow  is d iscussed  in section (ii), the structure o f the cloud core 
from molecular studies is presented in  section (iii), the com pact H  II region is  
described in section (iv), and the infrared cluster is considered in section (v).
Li)_0.utflowCs}
Loren et al. (1974) w ere the first to detect and J=1~>0
em ission in the M on K2 region. M any CO observations fo llow ed because this 
study indicated broad line w in g s in the CO spectra, w hich  su ggested  the 
presence of h igh-velocity gas. Studies o f the M on R2 region in  CO J= l-> 0  
include those of Snell and Loren (1977), Loren (1977), and Bally and Lada 
(1983). In what follow s, w e focus on m ore recent studies.
W olf et al. (1990) m apped the M on R2 region in J = l-» 0  transitions o f 
^^CO, L ^ co and C^^O w ith  a beam  w id th  o f approxim ately 90". They  
concluded that the velocity com ponents around the infrared cluster sh ow  
bipolar sym m etry and are spatially fairly distinct (although the approaching  
and receding gas overlap close to the origin). These tw o characteristics suggest 
that the presence of receding and approaching gas is the result o f a collim ated  
molecular outflow . They also note that the M on R2 outflow  extends over 28' 
(6.8 pc), which makes it one of the largest outflow s. The dynam ical time scale 
(td) for the outflow  is com puted by W olf et al. as the ratio o f the average 
dim ension of the outflow  over its characteristic velocity. These authors find  
that tj = 10  ̂ vears.
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According to W olf et al., the m ass of the outflow  is about ISO M o and 
approxim ately 50% of the surrounding am bient m olecular cloud has been  
sw ept up  by the outflow  during the course of its evolution. The outflow  has 
an unusual, bent m orphology and is roughly parallel to the direction of the 
m agnetic field in  the cloud. The receding gas is spatially more confined in the 
plane o f the sky than the approaching gas, w hich  could be due to the 
geom etry of the flow .
O bservations at a som ew hat higher resolution (beam w idth  o f oU"), 
covering a 10' x 20' area of the M on R2 outflow , are discussed by Meyers-Kice 
and Lada (1991) (Figure 2). Their CO J= l-> 0  map suggests that the outflow  
consists of tw o distinct pairs o f bipolar lobes w hich  partially overlap. The 
observed  v e lo city  in tw o  of the four lobes increases w ith  the projected  
distance from the flow  centre, w hich they assum e to be 1RS 1. These authors 
explain this linear expansion law as self-sorting of the flow material, which is 
driven by a more or less steady force or w ind. If a steady force is applied to a 
m edium  consisting of clum ps o f differing m ass and size, then clump.s of the 
sm allest d im ension  and m ass w ould  experience the greatest acceleration and 
m ove farthest from  the central source w ith  tim e. It should be noted, 
how ever, that our higher resolution observations do not indicate that the CO 
gas in the core of the M on R2 cloud is distributed according to its velocity,
M eyers-R ice and Lada propose that the M on l<2 flow  cannot be 
described easily  by a single collim ated  flow . They su ggest that the flow  
consists of the superposition of tw o physically distinct bipolar outflow s which  
ind ep en dently  originate from separate infrared sources in the cluster of 
young stellar objects at the centre of the outflow  activity. One of these flow s
13
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Big. 2 An integrated»intensity CO J=l->0 contour map (60" beam): The 
contours of emission from receding gas are solid and from approaching gas are 
dashed. The position of 1RS 1 is marked. Both maps have their lowest contour 
level at 10 K km/s, and the interval between contours is 5 K km/s and 10 K km/s 
respectively. Meyers-Rice and Lada suggest that the flow consists of two 
physically distinct bipolar outflows which originate from separate infrared sources 
(adapted from Meyers-Rice and Lada 1991)
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(M on R2a) consists of extended lobes and is collim ated to som e extent. The 
other flow  (Mon R2b) consists o f tw o com pact lobes and is poorly collimated. 
The higher outflow  velocities present in  this second, com pact flow suggest 
that its poor collim ation m ight be due to a sm all angle of inclination w ith  
respect to the line of sight and that its major axis is roughl>’ orthogonal to that 
of the more extended and collim ated outflow . Our CO observations indicate 
that there is a bipolar diffuse com ponent consistent w ith Mon R2a. 1 low ever, 
the com plicated velocity structure revealed by our observations suggests that 
the gas m otions are probably more com plex than one w ould  expect from a 
superposition of tw o outflow s.
iii) S truc ture , o f  the clouds core: s tu d ie s  i\f c m m ion I f w m ^ i i u k a i k i
A m easurem ent of the excitation of interstellar m olecules can provide  
a m eans o f d eterm in in g  ph ysical con d ition s in m olecular clouds. In 
particular, the m easurem ent of a num ber of transitions of a single molecular 
species provides our on ly  generally applicable m ethod of determ ining the 
m olecular hyd rogen  d en sities  w ith in  th ese c louds. M olecular hydrogen  
densities, as determ ined by m easurem ents on different clouds and different 
m olecules w ith in  an ind iv idu al cloud , are know n to vary over a range of 
several orders o f m agnitude (lO^-lü^ cnr^). This is found by exploiting the 
range of critical densities for different species.
Besides f^CO, very important inform ation can be obtained from • ^CC), 
w hich is not only useful for studying the gas kinem atics but also provides an
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estimate of the total gas mass. The central region of the M on R2 cloud w as  
first m apped in the J=1~>0 (110 GHz) transition by Loren (1977) w ith  a 
beam w idth of 2 .6. M ontalban et al. (1990) m apped an area of 20' x 16' in  the 
same transition w ith  a beam  w idth  of 4'.4.
The m olecular cloud has been  m apped in the em ission  lines o f various 
other m olecular species besides CO. Other species are detectable only in  the 
denser part of the cloud, w ith  d im ensions of approxim ately 10 ' x 10 ' or less, 
d ep end ing  on the m olecu le in  question . In w h at fo llow s, w e  em phasize  
observations that are com parable to our CO observations of the cloud core 
(radius =1').
DCS
M any low  resolu tion  stu d ies  have been  m ade in  CS: Kutner and  
Tucker (1975), Linke and G oldsm ith (1980), and M ontalban et al. (1990). One 
such study by H eyer et al. (1986) show ed that the strongest CS J=2->1 em ission  
peak in  the m ap (beam w id th  of 56") w as located near the p osition  o f the 
infrared sources and extended tow ards the w est. The radius o f the region w as 
about r  (0.24 pc). They also obtained a m ap of the CS J=5-»4 (245 G H z) 
em ission  (beam  w idth  of 22") w ith in  the central 1' cloud core of M on R2. 
This high rotational transition probes densities on the order o f 10^ cm*^. For 
this inner region the density H eyer et al. calculated is 5-10 x 10^ cm'^. Both 
m aps are featureless. This region of 1' radius defined by the CS em ission  is  
considered in w hat fo llow s to be the core o f the M on R2  cloud. It is in  this 
central core where the CO em ission peaks, according to our new  observations.
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W olf et al. (1990) present CS observations of em ission  w ith a
beam  w id th  of 1'.9 and of J=5~>4 em ission  w ith  a beam  w idth of 23". The 
dense CS core surrounds the infrared cluster at the origin of the C O  outflow  
[discussed further in  subsection (v) below ). These authors infer that tiie core 
m ay have a flattened structure, but the evidence is hardly com pelling. A 
com parison  of the spatial d istributions of em ission  from the ) - C 1 and 
J=5->4 transitions of CS suggests a steep density gradient in the core.
2) HCN
Kutner and Tucker (1975) m apped IICN J=1->U (88.6  C ill/) em ission  
and found that it peaks on the infrared cluster. The HCN map w ith a
15" beam  of R ichardson et al. (1988) ind icates that the tw o peaks located  
northeast and sou th w est are separated by 2' (0.5 pc). We d iscuss our new  
H C N  J=4->3 em ission m aps in Chapter VI.
3) H 2 C 0
Loren et al. (1974) w ere the first to detect the II2CO ./̂   ̂ =2,^ -> I, ,
transition (140 GHz) at the core of M on R2, They found that the half-intensity 
radius of form aldehyde is 3'.3 (0.8 pc). The spectrum  of the 7̂  ̂  ̂ = I ,, -> 1, „
(4830 M H z or 6 cm) transition of H 2CO obtained by D ow nes et al. (1975) has 
tw o absorption-line features at velocities of 8.0 and 11.1 k m /s. It should be 
noted that at approxim ately the sam e velocities we see absorption features in 
our CO m aps (at 7.6 k m /s  and 11.3 k m /s). 1 his is an indication that at least 
som e of the m olecular cloud is in front of the 11 II region. There is no other
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rucent study of thu M on R2 core in H 2CO. W e present new  H 2C O 
observations at sub-m illim eter w avelengths in Chapter VI.
4) NI  I3
M acdonald et al. (1981) observed N H 3 (1,1) and (2,2) em ission (at 23.69 
GMz and 23.72 G IIz) in this region (2.2' beam  w idth). O bservations by  
W illson and Folch-Pi (1981) and Torrelles e t al. (1983) w ith  an angular  
resolution of 1'.5 and 1’.4, respectively , show  that the N H 3 em ission  is  
contained w ithin an ellipsoidal region about 8 ' x 5' in extent. This structure 
is centered south of the com pact objects. T hese studies, how ever, have lo w  
resolution and, therefore, do  not g ive detailed  inform ation about the cloud  
core.
S tu d ies by M ontalban et al. (1990) of the am m onia em issio n  
distribution (beam w idth  of 42") show  evidence for clum ps w ith  diam eters of 
a few X 0.1 pc and m asses betw een 1 and 65 M o- Torrelles et al. (1990) m ade 
high-resolution observations (3") of N H 3 (1,1) and N H 3 (2,2) em ission  w ith  
the VLA, and these show  several small condensations that constitute an arc­
like structure located 40" to the southw est o f the IT II region. The reason for 
the displacem ent of the am m onia structure from the edge of the H II region is 
not yet understood. W ithin the arc, there is a clear tem perature gradient, 
w ith the highest tem peratures toward the northeast inner edge of the arc-like 
structure. This im plies, according to Torrelles et al., interaction of the exciting  
source(s) of the II II region a n d /o r  the stellar w ind  w ith  the am bient dense  
molecular gas.
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Both N H 3 studies suggest that the kinetic temperature in tlie cloud core 
is typically betw een 20 K to 30 K, increasing to over 45 K toward the position  
of the em bedded infrared sources. M ontalban et al. suggest that the high  
tem perature is caused  from  heating due to the photoelectric effect on dust 
grains. The ultraviolet radiation that is respoirsible for the heating of the gas 
originates from the BO star w hich is exciting the compact 11 II region. This 
w ill be d iscussed  in the next subsection (iv). M ontalban et al. note, how ever, 
that the ultraviolet radiation causing the heating should  also dissociate the 
N H 3 m o lecu le s . In order to exp la in  that N H 3 is on ly  partially  
photodissociated at the cloud edge, M ontalban et al. propose that gas phase 
am m onia is being evaporated from d u st grain m antles according to the 
G usten and Fiebig (1988) m odel.
5) HCO+
From observations of HCO"*" em ission by Loren (1977) and Richardson 
et al. (1988) tw o peaks w ere identified that were separated by 2' (as is the case 
for the m ap of H C N  em ission). H ow ever, since these surveys w ere done at 
low  resolution, w e w ill not d w ell on their results.
Gonatas et al. (1992) used single-dish  m easurem ents with the i'CKAt) 
(Five C ollege RAdio Observatory) 14 m antenna w ith a 58" beam w idth to 
observe the core of Mon R2 in HCÜ'*' (J=1-^Ü). HCO^ emi.ssion w as detectable 
over a  4' X 4' region w ith tw o m ain condensations; one in the N il and one in 
the SW. G onatas et al. also observed HCO"*" (J = l-:^Oj em ission with a beam  
w idth of 9".8 using the Hat Creek interferometer. Their study suggests the 
presence of tw o regions of high intensity which almost engulf an area of low
19
intensity. This high resolution m ap has similar overall m orphology w ith  the 
single-d ish  m ap, although it reveals a very clum py structure. It is not clear 
how m uch of the d u m p in ess is real. A ll the clum ps detected by Gonatas et al. 
have about the sam e shape and size, w hich coincides w ith  the beam  size.
Characteristics o f the M on R2 cloud core can be deduced from previous 
m olecular line work. The core has a large density gradient and the density  
reaches va lu es as h igh  as 10^ cm'^. A ll m olecu les (w ith  the exception  o f  
am m onia) show  a similar structure: tw o em ission peaks in  the northeast and 
the so u th w est surround an a lm ost circular reg ion  that has m in im um  
intensity. The shape o f the core is  roughly circular. Furthermore, it  is clear 
that the gas is clum py, but at w hat scale is uncertain. T hese issu es w ill be 
addressed in the light o f our observations.
w J_B JL reg ion
Prior to the CO observations of Loren et al. (1974), 13 radio sources had  
been observed  in sid e  the clou d  boundary d u rin g  su rv ey s at 1.4 G H z  
conducted by Shim m ins et al. (1966) and by Ehrman et al. (1970). O ne radio­
continuum  thermal source was seen: G213.7-12.6 [PKS 0605-06 in the survey  
by Sliim m ins et al. or OH-009 in the survey by Ehrman et al.]. The source is 
identified w ith  an H  II region and is located in the core of the cloud.
W hen the M on R2 region w as stud ied  by D ow nes et al. (1975) at 10.7 
GHz (about 3 cm) w ith  a beam w idth  o f 77", it becam e apparent that the H II 
region has inner structure. It consists o f tw o com ponents: an extended
20
envelope of low density (1.9 x 10- cin'^) with n diameter ot about y ,  and a 
strong compact source with a diameter of about 22" and an electron density of 
9.6 X 10  ̂ cm'3. This structure suggests that the I III region is expanding in two 
environments w ith different densities, the less dense matter being the 
interstellar medium surrounding the cloud. Gilmore (1980) proposes that 
this is a "blister" type H II region, as described by Israel (1978). In the blister 
model, the exciting star of the H II region is located near the edge of the 
neutral cloud. The star causes an ionization front to move through the 
cloud. When the ionization front crosses the molecular cloud boundary, the 
ionized gas expands into the intercloud medium creating a diffuse  
component. Thus, the H II region can consist of one or more small and bright 
peaks, surrouiided by a larger, less intense envelope. Additional evidence 
that has been used to argue that the H II region is closer to the rear side of the 
cloud is that the OH and H2CO lines at 6 cm are seen in absorption against the 
radio continuum source (Downes et al. 1975; Loren 1977).
Gilmore suggests that the two components of the M 11 region are 
probably excited by the same star. The total infrared luminosity (for 1.65 pm < 
X < 250 pm) of the compact portion of the M II region, as determined by 
Thronson et al. (1980), is approximately 4 x 10"̂  Lq. If the far-infrared 
luminosity is used in conjunction with Rubin's method (1978), the required 
Lyman continuum photon luminosity i s  5.6 x 10'̂  ̂ s 'l. hollowing I’anagia 
(1973), Hackwell et al. (1982) find that the ZAMS s p e c tr a l  type m u s t  b e  
between 09.5 and BO.
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A very important study o f the H II region is that of M assi et al. (1985); 
their VLA observations at 1.3 cm and 6 cm have up to 1" resolution. Their 
observations indicate that the com pact com ponent is alm ost circular w ith  a 
27' diam eter and its m axim um  flux density occurs near its southeast edge. 
Maps at 1.65 ^m, 2.2 nm , 10 |im  and 20 ^m  by Beckwith et al. (1976) were used  
by Massi et al. to determ ine the exciting source o f the H II region. These  
authors m easured the 1.65 pm  flux in their 10" beam  w idth  at the position of 
1RS 1 to be 0.04 Jy (1 Jansky = 10'26 W m"2 Hz*'*). What is the source of this
1.65 pm  flux? Is it due to the ion ized  gas or to the star that excites the H II 
region? Massi et ai. interpolate from their 1.3 cm  data that the contribution of 
the free-free and bound-free em ission  from the ion ized  gas w ou ld  be, if 
reddening is not considered, 0.87 Jy at 1.65 pm. To com pute the contribution  
of the gas to the observed flux they consider the extinction towards the source. 
A ssum ing the m inim um  extinction observed, A v s  23 m agnitudes (Simon et 
al. 1983), Massi et al. find that the contribution from the ion ized  gas is at m ost 
0.006 Jy at 1.65 pm (15% of the total flux from the position of 1RS 1 at 1.65 pm ). 
The fraction can be smaller if the extinction is 33 m agnitudes as Natta et al. 
(1986) find. Massi et al. conclude that the 1.65 pm  em ission  from 1RS 1 is 
from the star that ionizes the H II region.
Another interesting feature is that 1RS 1 seen  at 1.65 pm  is displaced 7" 
from the peak of the radio em ission. The centim eter w avelength  em ission is 
due to free-free em ission  and is stronger at h igher gas densities. Thus, the 
reason for the displacem ent of the radio em ission  peak from the position of 
the ion izing star may be that the gas close to  the star m ust be at a low er  
density than that at the southeast edge of the H II region.
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The fact that the radio emission ridge or arc is only a traction of the 
circumference suggests an offset of the ionizing star with respect to the centre 
of the shell, noted by Massi et al. They point out that the ionizing star (1RS 1 
in the 1.65 gm image) is not at the centre of the H II region, but is offset 2" 
toward the radio peak. Massi et al. managed to successfully model the 
morphology of the H II region as a 2"-thick shell photoionized by a star which 
is offset by 6.5" from the radio peak. Figure 3 indicates the reproduction of the 
H II region from their model, which is in excellent agreement with the 
observations. Massi et al. discuss the physical processes that can give rise to 
the implied geometry. First, the shell must be broken on its northwestern 
part in order to explain the diffuse component. The high-velocity gas that 
rushes from this rupture ensures the presence of a region depleted in gas 
around the ionizing star and, hence, a shell-like morphology occurs (Ik'djin 
and Tencrio-Tagle 1981).
The structure of the H II region implies a rather advanced stage of 
evolution of the blister. According to Bodenheimer et al, (1979), if the star 
was at an initial distance of 90% of the Stromgren radius from the cloud edge, 
the maximum speed of the outflowing gas would be 30 km /s. Thus, we 
estimate that the diffuse H II region of Mon must be at least 1.2 x 10  ̂ years 
old to have attained its present 3' angular size.
Very high-resolution (0".4) VLA observations of tlie compact 
component of the H II region of Mon R2 were carried out by Wood and 
Churchwell (1989) at 2 cm and 6 cm. The value of 24" as a mean diameter of 
the compact H II region was adopted. There is excellent agreement between 
these data and the observations of Massi et al. According to Wood and
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*  BO ST A R
Fig. 3 The surface brightness distribution of the HU region 
according to Massi et al.'s model. These authors propose that this 
distribution is due to the photoionization of a shell by a star (indicated by the 
star ) which is offset from the centre o f the shell. The centre o f the shell is 
at the dot and the displacement o f die star from the radio peak is 6.5" 
(adapted from Massi et al. 1985).
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Churchwell, the morphology of Mon R2 is cometary, i.e. the ionization front 
is parabolic and the surface brightness along the parabola's axis of symmetry 
decreases gradually from the 'head' to the 'tail'. The presence of masers and 
the nearly parabolic shape of the ionization front suggest that the IIII region 
may have been produced by the bow shock of an O or U star n\oving 
supersonically through the molecular cloud (Hughes and Viner 1970). The 
speed of sound in a typical molecular cloud is 0.2 km /s. Therefore, the space 
velocity is supersonic, since the velocity dispersion of OIî associations is 
typically 2 k m /s. Although this model seems to successfully explain other 
cometary ultra-compact H II regions, it does not seem necessary in the case of 
Mon R2. The blister model has been examined thoroughly and works well. 
The cometary or bow shock model has not been applied in detail to the Mon 
R2 compact H II region.
W Infrared duslt.;r
The Mon R2 star forming region has been mapped at a number of 
infrared wavelengths from 1.65 to 100 fim (Aspin and Walther 1990; Beckwith 
et al. 1976; Hackwell et al. 1982; Thronson et al. 1980). Beckwith et al. lirst 
discovered five compact near-infrared sources, which are located near the 
centre of the dense molecular cloud core and are optically obscured. Aspin 
and Walther (1990) found additional infrared sources in a higher resolution 
(1".2) 2.2 gm image of the cluster. We will discuss separately some of the 
characteristics of the more important infrared s o u r c e s .
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1) IKS 1
It has been noted that the ionizing star of the H II region is of spectral 
type around BO; the expected unreddened 1.65 pm  flux from this type of star is
1.2 Jy, according to M assi et al. This flux is 30 tim es greater than the average 
radiation from the gas in  the H II region in a 10" beam m easured by Beckwith  
et al.; hence the exciting  star should  be seen  in the 1.65 pm  m ap. This 
excludes th? only other likely candidate, 1RS 2, as the exciting star of the H  II 
region, because it does not appear at 1.65 pm  (Figure 4). The locations of 1RS 
3, 6 and 7 make them im plausible candidates for the exciting star. The only  
strong 1.65 pm source w ith in  the IT II region is 1RS 1. Therefore, 1RS 1 in the
1.65 pm map is  the likely ionizing star of the H II region.
Images of the infrared cluster at 10 and 20 pm by H ackw ell et al. (1982) 
are consistent w ith  the im ages by Beckwith et al. (Figure 4). Both of these  
stu d ies indicate that the appearance of 1RS 1 changes sign ifican tly  w ith  
wavelength. Prom the previous d iscussion o f M assi et al., 1RS 1 at 1.65 pm  is 
directly associated  w ith  the BO star that excites the H II region. At 
interm ediate w avelen gths (2 pm  < X < 10 pm) 1RS 1 is a point source, w hich  
indicates that it is probably an em bedded star seen  by the scattering of the 
surroundin g d u st or red d ened  by the foregrou n d  d u st. A t longer  
w avelengths 1RS 1 becom es an extended source, probably due to the em ission  















10" 1RS 3 - IRS 2
20 '
40"
1RS 11RS I — ___^




RS à 1RS 1 PROM I.CG Ma«[MPgwl
20 
Oô’ o s ' "06'’ os'"
RA
Fig. 4 Infrared maps at 1.65 )im, 2,2 p,m, 10 p.m, 20 îm of the 
cluster of embedded sources. The beam is 10". Note that the flagged
contour on the 1.65 |J,m around the position of 1RS 2 represents an area of
minimum flux, in contrast with the 2.2 |4.m map where 1RS 2 is prominent 
(adapted from Beckwith et al. 1976)
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2) m s  2
Thci m ost striking feature of the polarization m ap at 2,2 |um by A sp in  
and Walther (Figure 5) is the ring-like structure surrounding 1RS 2. The flux 
from this structure is  strongly  p o larized , w ith  the p olarization  vectors  
oriented perpendicular to the direction toward 1RS 2. H odapp (1987) suggests  
that 1RS 2 is the illum inating source of the shell.
Figure 6 indicates that 1RS 2 and 1RS 3 have 1.65 nm  - 20 nm  energy  
distributions typical o f  young or pre-m ain-sequence objects. This conclusion  
is based on the characteristics o f their continuum  spectra: the intensity rises 
sharply for X < 8 |im , turns over at around 9 |j,m and rem ains constant  
between 10 urn and 20 nm. This behaviour is predicted by m odels of you n g  
objects (Bedijn et al. 1978). The central object in  each case is  believed  to be a 
m assive m ain-sequence star still surrounded by a large am ount of infalling  
dust and gas. The visual and UV radiation of each central star is  com pletely  
absorbed by this opaque dust shell and is rem itted at infrared w avelengths.
3) m s  3
1RS 3 is a high-m ass protostellar system  w hich is one o f the brightest 
thermal infrared sources in the Galaxy. From Figure 5 it is evident that 1RS 3 
is associated w ith its ow n  nebulosity and d oes not affect the polarization  
pattern seen in the shell around 1RS 2. This led  H odapp (1987) to argue that 
1RS 3 is not physically near the shell but som e distance aw ay along the line-of- 
sight. It seem s likely that 1RS 3 is a separate site of star form ation (the shell 
associated w ith 1RS 2 being the first). A dditional ev idence for active star 






Fig. 5 2.2 |im contour map and polari/.ation vector map of the
infrared cluster (adapted from Aspin and Walther, 1090 b). The map is 
centered on 1RS 2 (0'',0") and the offsets are given in arcseconds. 1RS I is 
at (6", -8") and 1RS 3 is at (-30", -3").
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Fig. 6  1.65 |jjn to 20 jxm energy distributions of 1RS 2 and 1RS 3
(adapted from Beckwith et al. 1977).
3Ü
Our CO observations show  that in the vicinity of 1RS 3 there is high-\eloeit>  
gas, a good  indication that this infrared source could be the source of the large 
CO outflow.
4) Other infrared sources
The 2.2 gm  im ages of A spin  and W alther ( show  not only the 
seven  sources that Beckwith et al. (1976) identified , but also ten additional 
point-like sources in the field. These are labeled as 1RS la, aj, ah, and b 
through h. The im ages indicate that 1RS 1, 1RS 2, 1RS 3 and 1RS 3 are all 
associated w ith nebulosity, w hile 1RS 4,1R S 6 and 1RS 7 are isolated from the 
shell-H  II region and may be either em bedded sources, background sources or 
foreground objects. Additional photom etry is needed to clarify this,
1RS 5 is in the northern part of the shell and is apparently an extended  
knot rather than a point source. It is peculiar that 1RS 3 geom etrically does  
not form part of the shell but is offset from the general elliptical structure by 
about 5". If, as proposed  by H odapp, the shell structure is defined by the 
density  of the am bient m olecular cloud inti> w inch it is expanding, it is 
possib le  that the d en sity  is low  in this region and the 11 II region has 
expanded further in this direction than in others. 1RS .3 may therefore lie 
located at the interface betw een the H II region and molecular cloud, hurlher 
evidence for this w ill be given w hen w e d iscuss our m illim eter continuum  
data (Chapter VI).
We present our new observations in Chapter II, tlie m orphology ol our 
CO em ission  m aps in Chapter 111, a brief sum m ary of the d e u valions of
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various physical quantities in Chapter IV, the calcu lations of im portant 
quantities such as temperature and colum n density in Chapter V, a discussion  
of our results and their im p lica tion s in C hapter VI, and , fin a lly , our  




Ail line em ission spectra from a 3' x 3' area in the Mon K2 core region 
w ere obtained w ith  the 15 m James Clerk M axw ell Telescope OCMT) on 
Mauna Kea, Hawaii. Observations of i^CO J=3->2 (345 GI I/) and '‘̂ CO J -3 —>2 
(330 GHz) em ission lines were carried out by G. 1'. Mitchell and II.h. M atthews 
in Decem ber 1991 and March 1992. The j= 2 -> l (230 G liz ) spectra were 
obtained by L. A very during Canadian Service O bserving Time in April 1992. 
The observed intensity for the three transitions is in the form of antenna 
tem perature Ta"/ w hich  is the antenna temperature corrected for atm ospheric 
and telescope losses (Mitchell 1992),
l^CO J=3-^2 observations consist of a 290-positions map (19 /  Ih; witli a 
10" grid pattern separation (Figure 7). For the J=3->2 transition of both '-G O  
and D e o ,  the "common-user" receiver B3i was used. This is a single-channel 
receiver based on a lead-alloy SIS detector, and covers a range of frequencies 
betw een 300 G H z and 380 GHz. The half-pow er beam width (III’BW; is 15"  
(0.06 pc at the distance of M on R2) and the beam efficiency is 0.50, according to 
"The JCMT; A G uide for the Prospective User" by 1 l.F. M atthews (1992). The 
integration time for the ^CO  spectra was 120 seconds and for ' ^CO sjH'ctra was 
300 seconds. All observations w ere done in a position sw itching m ode in 
w hich the telescope is alternatively switched between the source and a nearby 
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Fig. 7 A 19 X 16 map of 290 J=3->2 spectra on a 10" grid. All spectra plot
a measure of the observed intensity versus LSR velocity. The observed intensity is in the 
form of antenna temperature corrected for atmospheric and telescope losses, T a *. The 
positions aie given as R.A. and DEC offsets (Aa, Aô) expressed in arcseconds from Mon
R2 1RS 3 [a(1950) = 06^05^21.850, 8(1950) = -06°22’26”]. East and North are
positive.
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12C0  ï= 2-> l «ind J=3-^2 spectra wore observed at 12 positions in 
the core of the Mon R2 region. These positions were chosen because the) 
coincided with peaks of the antenna temperature in the CO J--3->2 map. 
Table I contains a list of all observed positions. In Table I and subsequently, 
positions are given as offsets in R.A. and DEC (Aa, A8) in arcseconds from 
Mon R2 1RS 3 [a(1950) = 06hQ5m21*.50, 6(1950) = -06“22'2b"], East and North 
are positive. The J=3—>2 and J=3—»2 spectra are presented at 
common scales in Figure 8 (i and ii); the ^CO spectra are shifted by 5 K with 
respect to the spectra. The data reduction was carried out by C. E. 
Mitchell and the author using the SPECX package (I’adman 1988).
For the J=2->1 transition at 230 GHz, the "common-user" receiver 
A2 was used. Receiver A2 is a single-channel device built around a lead-alloy 
SIS mixer; the receiver is used for a range of frequencies between 210 GI Iz and 
280 GHz. The half-power beam width (HPBW) and the beam efficiency at 230 
GHz are 21" and 0.63, respectively (Matthews 1992). The spectra of '^C'O 
J=2->1 emission are shown in Figure 9 (i and ii).
Observations of two other molecules complement the CO data. Both 
HCN J=4-^3 (354.5 GHz) and H2CO 7̂ . = 5,  ̂ -> 4 ,(3 5 1 .7  Cil I/.) maps were
obtained by G. F. Mitchell and H. E. Matthews in November of 1992 with a 15" 
beam. During the same period, they observed the Mon 1<2 t o r e  in the s u b -  
millimeter and millimeter continuum at four wavelengths—450 pm, 800 pm, 
1100 pm and 1300 pm—with the UKT14 bolometer system of the JCMT. The 




COORDINATES OF THE TWELVE OBSERVED POSITIONS 
IN THE 12CO J=2-»l and l^CO J=3-»2 TRANSITIONS
Position num ber O ffset (Aa,A5) from 1RS 3
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Fîg. 8  î First six pairs o f 12C0 J=3->2 (345 GHz) and l^CO J=3~>2 (330 GHz) 
spectra are presented to the same scale, with the spectra shifted by 5 K with respect
to the spectra. The half power beam width is 15" and the integration times are





















Fig. 8  ii Last six pairs of >2C0 J=3-^2 (345 GHz) and l^CO J=3-»2 (330 GHz) 
spectra are presented to the same scale, with the spectra shifted by 5 K with respect 
to tlte L^CO spectra. The half power beam width is 15" and the integration times are 
























Fig. 9  i The J=2->1 (230 GHz) spectra at positions I to 6 ; the number and
position are given in the upper left comer. The half-power beam width 
























Fig. 9 ii The J=2-»l (230 GHz) spectra at positions 7 to 12; the number and 
coordinates of each position are given in the upper left comer. The half-power beam width 
is 21”. The integration time is 120 sec.
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This thesis also m akes use of a new  high resolution (t».9 k m /s) infrared 
absorption spectrum in  the M -band (4.7 pm), obtained by G. F. Mitchell and J.- 
P. M aillard (1993) using  the Fourier Transform Spectrometer on  the Canada 
France H awaii Telescope (CFHT) on Mauna Kea, Hawaii. Data reduction for 
the infrared absorption spectroscopy w as done by G.F. Mitchell, and is briefly 
outlined  in  Chapter VI.
b. Comments on the CO line shapes
From F igures 8  and 9 it is clear that the CO em ission  lines are very  
com plex. A general observation is that the spectral lines are asymmetric w ith  
respect to the velocity  of the line centre at 1Ü.3 k m /s . The approaching gas 
(blue-shifted) seem s to be more tightly constrained in velocity relative to the 
lin e centre than the receding gas, w h ich  exhib its a slow er and irregular 
decrease in  strength w ith  increasing velocity . This is a sim plified  picture 
since the lines are very com plicated w hen  exam ined in detail.
Six features recur in m ost of the spectra o f the  ̂^CO 1=3 -4  2 map: 
maxim a near 6.7 k m /s , 9.3 k m /s  and 13.0 k m /s  and minima near 7.6 k m /s ,
11.3 k m /s  and 16.4 k m /s . Three of these appear in all spectra: the maxima at
9.3 k m /s  and 13.0 k m /s , and the m inim um  at 11.3 k m /s . There is a positive 
velocity shift at w hich a dip  in the em ission  occurs (11.3 k m /s) relative 
to the velocity of the em ission peak (10.3 k m /s). This shift im plies that 
the self-absorbing layer is m oving away from the observer towards the cloud
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core. The sim plest interpretation is that som e part o f the cloud is still 
contracting. A seco n d  fairly com m on  absorp tion  feature is seen  at 
approxim ately 7.6 k m /s . Since its velocity differs by alm ost 3 k m /s  from the 
cloud's velocity , th is absorption feature is  lik ely  to arise in  a foreground  
cloud. Finally, the dip  seen at 16.4 k m /s  is  not an absorption feature but is a 
true em ission  m inim um . Em ission seen beyon d  16.4 k m /s  represents h igh- 
velocity gas w ith respect to the quiescent gas.
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III. MORPHOLOGY OF THE GAS
It w ill becom e clear that a great w ealth  of inform ation on the core of 
M on R2 can be extracted from the em ission  lines of the carbon m onoxide  
transitions. The spectral lines, how ever, do not reveal spatial inform ation in  
an intuitive w ay. Softw are has therefore been  created w hich is capable of 
assem bling contour m aps of integrated intensity over a range of velocities  
based on the data from the spectra (in tliis case w e use the SPHCX package).
Figure 10 sh ow s the integrated intensity of the J=3->2 em ission  
over all velocities. There are three m ain regions (or com plexes) whore the 
em ission  peaks: one in the north, one in the east and one in the southw est, 
and they are located around an alm ost circular area of low intensity, In 
Figures 11 (a, b , c and d) the in tegrated  in tensity  m aps are d isp layed  
sequentially  for the velocity  range betw een  0.25 k m /s  and 25 k m /s . The 
in tensity  is  integrated over 0.5 k m /s  intervals for velocities betw een 0.2.5 
k m /s  to 5 k m /s  and 15 k m /s  to 25 k m /s . For velocities betw een 5 k m /s  and 
15 k m /s , the intensity is integrated over 1 k m /s  intervals.
A t the h ighest velocities o f the approaching-gas m aps in Figure 11 a 
there is significant em ission  only at the p osition  of 1RS 3 (0", 0"). A s the 
velocity  approaches that of the line centre (10.3 k m /s) , m ultip le features 
appear. The difference betw een the apparent intensity of the map at 4.75 and 
5.50 k m /s  is not real; it is due to a change in the zero point of the intensity.
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F ig .10 The integrated intensity of the CO J=3->2 emission for all velocities where 
CO emission is clearly detectable (-10 km/s to 30 km/s). There are three main emission 
peaks: one in the north, one in the east and one in the southwest, which surround an almost 
circular area of low intensity. The lowest contour is at 70 K km/s, the interval between 
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Fig. 11 (a) Integrated intensity o v er  0 .5  km /s intervals for v e lo c it ie s  betw een  0 km /s to 5 
k m /s. The contours d iffer by 0 .5  K km /s. T h e v e lo c ity  in the upper left corner in the 
panels denotes the m iddle o f  each velocity  interval over w hich  the intensity is integrated.
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Fig. 11 (,b) Integrated intensity over I km/s intervals for velocities between 5 km/s to 15
km/s. The contours differ by 2.5 K km/s. The velocity in the upper left com er in the
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Fig. 11 (c) Integrated intensity over 1 km/s intervals for velocities between 15 km/s to 20
km/s. The contours differ by 1 Kkra/s. ITie velocity in the upper left corner in the panels
denotes the middle of each velocity interval over which the intensity is Integiated.
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Fig. 11 (.d) Integiated intensity over 0.5 km/s intervals for velocities between 20 km/s to
25 km/s. The contours differ by 0.5 K km/s. The velocity in the upper left com er in the
panels denotes ttie middle o f each veUxiity interval over which the intensity is integrated.
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Each grou p  of 10 channel m aps has an in d ep en d en t scale ch osen  
autom atica lly  by the softw are (SPECX) in order to accom m odate the 
m axim um  in ten sity . F igures 11 b, c a n d  d ind icate  that the general 
m orphology of the receding gas changes and three new em ission peaks appear 
at h igh  velocities not present in the m aps of approaching gas. N ote that the 
m aps for the velocity range betw een 10 and 12 k m /s  (two lower left in higure 
11b) are not representative due to the self-absorption of the gas, as discussed  
in Chapter V. A n intriguing feature of all the m aps is that there is an almost 
circular region that has a relatively low  intensity in the centre of the core 
region. We w ill exam ine this in more detail in Chapter VI.
It is interesting that the CO em ission  sh ow s no clear bipolarity in the 
channel m aps and som e positions have both approaching and receding ga... 
H ow ever, a w idespread  approaching com ponent is concentrated toward the 
north part o f the m apped region and a receding d iffuse com ponent lies 
preferentially on the south part of the region. For exam ple, compare the V.5I) 
k m /s  channel (approaching gas) w ith the 16.75 k m /s  (receding gas).
W e have already m entioned that there are two com m only-occurring  
absorption features in the ^^CO J=3->2 spectra near 7.6 k m /s  and 11..3 k m /s, 
The m inim um  seen  at 7.6 k m /s  probably arises in a foreground cloud. The
11.3 k m /s  feature m ay result from the collapse of the self-absorbing outer 
layers o f the cloud . Channel m aps for velocities w ithin 1 k m /s  of the 
velocity of the cloud are affected by the strong self-absorption dip seen in the 
spectra. Line intensities for these velocities are not a reliable measure of the 
colum n density.
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It is attractive to interpret the CO intensity peaks as evidence for the 
presence of denser entities in the gas. It is clear from Figure 11 that the  
channel m aps sh ow  d u m p in ess  o n  a variety of scales. W e present a tw o- 
level qualitative descrip tion  o f the reg ion  con sistin g  o f co m p lex es  and  
clum ps. A com plex is a reasonably large, distinct region of enhanced intensity  
that has an irregular shape on the m aps. Circular or oval intensity  peaks 
w ith in  com plexes w ill be referred to as clum ps. C lum ps have typ ical 
diam eters of betw een 10" and 2 0 " as opposed to about 60" for the com plexes. 
W e first exam ine the channel m aps to find the large structures, i.e. the 
com plexes. The d iscu ssion  for the various ind iv idu al clum ps w ith in  each  
com plex w ill follow .
There are tw o  different groups of com plexes, one for the approaching  
gas and one for the receding gas. Both groups form an incom plete ring-like  
structure around the circular area that represents an in ten sity  m in im um  
("hole"). N ote that, for brevity, the m aps that have been integrated for 
approaching (or receding) velocities w ith  respect to the centre of the line are 
referred to as m aps of approaching (or receding) gas. The m aps in Figure 11 a 
indicate the presence of four m ain com plexes o f approaching gas, referred to 
as A, B, C, D. Figure 11 b show s three com plexes of receding gas, referred to as 
1, II and III. We discuss later the characteristics of the high-velocity clum ps in  
each com plex.
The first com plex that appears in the m aps o f approaching gas is 
com plex A. Com plex A is in the east and is centered on 1RS 3 at (Aa = 0", A8 = 
0"), It is large (45" x 30") and has a circular shape until the velocity reaches 
0.75 k m /s . Thereafter it is elongated. C om plex A includes clum p 1 (0", -10")
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is the brightest and m ost persistent clum p. After 2.25 k m /s , a second  
em ission  peak (clum p 4) d ev e lo p s  tow ard the northw est at (-15", 20"). 
Finally, there is another intensity peak (clum p 9) at (15", -35) w liich appears at 
4 k m /s  and is loosely associated w ith  com plex A.
Com plex B is in the south w est (Figure 11 a) and is centered on (-50", 
-20"). B is more extended than A, w ith  d im ensions 60" \  50". The com plex  
first appears at 1.25 k m /s  w ith  tw o close but distinct clum ps numbered 2 (-50". 
-20") and 3 (-50", -50"), o f w hich clum p 2 has a double structure and is by far 
the brightest in this com plex. At 2.75 k m /s , there is a northwest extension, 
clump 5 (-80", 0"), w hich has a com plicated velocity structure (see Figure II a).
C om plex C is  in the north, centered on (-20", 50"). It appears at 2.75 
k m /s  and persists until 5.5 k m /s  (Figure 11 a and b). C om plex C has an 
elusive shape; how ever, its size is approxim ately 40" x 60". It embraces two  
peaks, clum ps 6 (-5", 55") and 8 (-30", 65"). C om plexes A and 1) seem  to be 
aligned and w ell collim ated. This is also true for 13 and C, but to a smaller 
extent.
C om plex D (-50", 30") is in the northw est, becom es evident at 2.75 
k m /s , and is very prom inent at 4.75 k m /s  (see Figure 11 a). This is the only  
com plex that has no corresponding receding gas. Com plex I) is the sm allest 
one (30"x 40"); it has an oval shape and it contains clum p 7 (-55", 30").
The channel m aps in Figure 11 b, c and d indicate the presence of three 
major com plexes o f em ission  from receding gas, although this separation is 
less natural than in the m aps of approaching gas.
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Com plex I appears in the 11.5 k m /s  m ap (see Figure 11 b); it is very  
possible that the com plex w ou ld  appear in m aps for sm aller velocities if  the 
channel maps w ere not distorted by the self-absorption of the gas. Com plex I 
lies on the east sid e  of the m apped region and is centered on (0 ", 0"). The 
com plex has a very elongated  shape, w h ich  looks like a bridge betw een  
com plexes II and III. C om plex I can be detected  on ly  to velocities of 15.25 
k m /s  map and includes clum p 1 (0 ", -10").
Com plex II appears after 8.50 k m /s  and is present at least until 24.75 
k m /s . Its d im en sion s are in excess o f 120" x 70", m aking it  the largest 
com plex. C om plex II lies on the south  portion o f the m apped area. The 
approxim ate coordinates of its centre are (-40", -50"). C lum ps 14 (-40", -35") 
and 15 (-50", -50") appear clearly at 14 k m /s  in the south w est and from this 
region clum p 16 (-75", -10") is  an offspring tow ards the northw est. In the 
velocity interval betw een 15 and 16 k m /s , clum ps 10 (-20", -65") and 11 (-10", 
-35") becom e apparent.
The shape o f com plex III changes sign ificantly  from  an oval w ith  a 
northeast-southw est to a northw est-southeast orientation. We estim ate that 
it is approxim ately 60" x 80" centered on (-20", 60"). M ore distinct peaks  
(Figures 11 b and d) are clum ps 13 (-75", 25"), 17 (-5", 65") and 18 (-20", 50"), 
C om plex III is v isib le in the 12 k m /s  m ap in Figure 11 d , and is the only  
com plex that is still seen at velocities as high as 30 k m /s .
The reced in g  com p lexes co in c id e  fairly w e ll sp a tia lly  w ith  the  
com plexes in the approaching gas: I w ith  A, II w ith B, III w ith  C. C om plex D
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does not correspond to a peak in  the m aps of receding gas, representing  
instead a m inim um  of em ission  from receding gas. This m inim um  intensity 
seen tow ards the northw est in the receding gas (see Figure 11 b, c and d) is 
diam etrically opp osed  to the m im m um  seen in the southeast in the m aps of 
approaching gas w ith  respect to the "hole".
Since all of the intensity peaks have been identified, a more thorough  
description of each one is appropriate. W e have already seen cases where, for 
exam ple, a receding clum p has a corresponding approaching counterpart at 
the sam e position . If the clum p is  absent only in the problem atic velocity  
ranges w ith in  1 k m /s  of the tw o com m on absorption features (7.6 k m /s  and
11.3 k m /s) , then it w ill be assum ed that the clum p is present throughout the 
line centre. The properties (velocity  range and p osition ) of the distinct 
persistent clum ps w ill be d iscussed  in w hat follow s. During this process, an 
attem pt is  m ade to justify the identification of the clum ps. As will becom e  
obvious, it is to som e degree a subjective matter. It is difficult to identify the 
clum ps in  a unique way. The m ain reason is that the peaks have complicated  
velocity structure.
C lum p 1 (0", -10") is in com plexes A and I. It covers velocities from -40 
k m /s  to 7 k m /s  and from 11 k m /s  to 35 k m /s , the largest velocity range of all 
the clum ps. After 16 k m /s , the peak becom es less distinct in the m aps. 
H ow ever, the J=3->2 spectral line show s that at this position there is gas 
w ith  velocity as h igh  as 35 k m /s .
Clum p 2 (-50", -20") is in com plexes B and II, and appears at -20 k m /s . 
Its orientation changes drastically: in the velocity interval from -20 to V k m /s
53
it is directed along a southwest-northeast axis and for velocities larger than 9 
k m /s  it is oriented northw est-southeast. There is  som e faint em ission  from  
the receding gas of this clum p at 12 k m /s , although it is very faint; clum p 2 
becom es gradually the brightest peak at a velocity  o f 14 k m /s  and vanishes  
w hen the velocity reaches 16 k m /s .
C lum p 3 (“50", -50") b elon gs to com plexes B and II. It appears at a 
velocity o f 1 k m /s  but m ost of the gas has a velocity of 6.5 k m /s  (Figure 11 a). 
It is probable that clum p 3 is present at velocities close to the line centre, but it 
is not distinct du e to the dom inance o f the qu iescent gas. W hen clum p 3 
appears again at 13 k m /s  (Figure 11 b), it is not as prom inent as clum p 2, but 
by 15 k m /s it is the m ost prom inent clump in com plex II (Figure 11 c). C lum p  
3 is still clearly visible in Figure 11 d  and persists until 29 k m /s.
C lum p 4 (-15", 20") b e lon gs to com p lex  A  and con sists  on ly  o f  
approaching gas w ith  a velocity range of -15 to 9 k m /s . In the receding m aps 
It coincides with a local m inim um  o f intensity (Figure 11 b).
Clum p 5 (-80", 0 ") appears in  both m aps o f receding (com plex II) and  
approaching gas (com plex B). In the former m aps it ranges from 3 to 6.5 k m /s  
and in the latter it spans from 14 to 20 k m /s . It appears w eakly on the 2 to 3 
k m /s  map (Figure 11 a) but is unam biguously present in the 3 k m /s  channel 
map. The cut-off velocity for the approaching gas is considered to be 6.5 k in /s ,  
because the general in ten sity  level is h ig h  around the clu m p , so  the  
individual feature does not stand out. The receding gas in clum p 5 is  first 
seen at 14 k m /s  (Figure 11 b and 2c) and it vanishes for velocities of 20 k m /s  
or more (Figure 11 c).
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Clum p 6 (-5", 55") belongs to com plexes C and 111. It first appears at 3 
k m /s  (Figure 11 a). A lthough it is not very prominent betw een 6 and 7 k m /s , 
at 9 k m /s  it appears to be the strongest peak (Figure 11 b). Therefore, it is 
believed  that the approaching gas in  this clum p has velocities throughout the 
w hole velocity range (3 to 10 k m /s ) , since it has already been noted that the 
m aps for the range of velocities betw een  6.5 and 8 k m /s  are contam inated by 
absorption. C lum p 6 has receding gas w hich  sh ow s a com plex velocity  
structure (Figure 11 c and d). It appears at 12 k m /s  and it can be seen until 29 
k m /s; after that velocity the signal is  comparable to the noise.
Clum p 7 (-55", 30") is in com plex D. It is difficult to decide its velocity  
extent from  ind ividual maps; the signal is  low . H ence, it is very useful to 
have integrated m aps for large velocity ranges, w hich indicate that the clum p  
spans from velocities from -25 to 6 k m /s . Another approach is to check the 
spectrum  at this position  to see if there is any signal at these high velocities. 
A  quick inspection  reveals that there is em ission  at least to -20 k m /s . The 
signal du e to clum p 7 seem s insign ificant in com parison with clum p 1, 
especially in the vicinity of 0 k m /s; therefore, it is not visible in all panels in 
Figure 11 a. It is, how ever, very prom inent at 5 k m /s  (Figure 11 b). In the 
m aps o f receding gas clum p 7 does not appear; at this position close to 10.3 
k m /s  there is an in ten sity  m in im um . Tor larger ve locities  there is a 
corresponding clum p, clum p 13, but it is separated by 20" from clum p 1.
C lum p 8 (“30", 65") belongs to com plex C. It appears at -5 k m /s ;  its 
in tensity  is  not m uch above the n o ise  level, b u t  is consistent in s i /e  and 
shape over a sizab le velocity  range. After 4.75 k m /s , it becom es m ore
55
noticeable (Figure 11 a and b) until it vanishes after 9 k m /s  (Figure 11 b). For 
very high receding velocities, there is  another peak due southw est, w hich  is 
approxim ately at th e sam e p osition  (clum p 12 ), but w e  consider them  
separately based on their appearance and evolution  w ith  velocity.
C lum p 9 (15", "35") is seen over a very short velocity span from 4 to 7 
k m /s  (Figure 11 a and b), so it is possib le that this clum p is relatively  
unim portant. It is considered  an offspring of c lum p 1, so it b elon gs to 
com plex A. The only likely corresponding em ission  peak in  the receding gas 
m aps is displaced by at least 20" to the w est (Figure 11 c), so it is  considered as 
a separate clump (11).
Clump 10 (-20", -65") is a receding clump: 16 to 23 k m /s  in com plex II. 
At 17 k m /s  it is prom inent (Figure 11 c). C lum p 11 (-10", -35") is relatively  
close to 10, although it is not as bright, and its velocity  ranges from 15 to 24 
k m /s.
Clump 12 (-55", 50") is a w estw ard extension of com plex III (Figure 11 
d). Its velocity ranges betw een 18 and 27 k m /s . There is  another strong peak  
in the w est part of com plex III (Figure 11 d) w h ich  is referred to as clum p 13 
(-75", 25"). Its velocity  range is 22 to 30 k m /s  and for channel m aps w ith  
velocities larger than 26 k m /s , it is the strongest peak.
C lum ps 14 (-40", -35"), 15 (-50", -50"), and 16 (-75". -10") belong to 
com plex II (Figure 11 a and c). They are considered to be receding gas from  
clum p 2, clump 3, and clump 5, respectively.
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Clum p 17 (-5", 65") is in com plex III and has a small velocity ran^e; 
only 12 to 15 k m /s  (Figure 11 b). Also, it is closely related to clump 18, so il is 
not considered a separate clum p. C lum p 18 (-20", 50") belongs to com plex 111 
too. Its ve locity  ranges seen  in the m aps of receding gas (12 to 17 k m /s)  
im plies that clum p 18 is the receding part of clum p 6 (Figure 11 b and c). 
Therefore, it is  also not thought to be a separate clump.
W e w ill sum m arize the clum ps that are considered real in T able II. 
The table in clu des the com plex in w hich  the clum p belongs, the velocity  
range in the approaching a n d /o r  the receding gas, the position in the map, 
and, finally, the position  of the closest point to the clum p, where there are 
available observations of all three transitions of and (^CO. W e should  
note that the position  of the clum p is the average position of the centre o f the 
clum p. W ith this inform ation w e can proceed to find physical characteristics 
of these clum ps.
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TABLE II
CHARACTERISTICS OF THE HIGH-VELOCITY CLUMPS 
SEEN IN TFIE l2 cO  J=3-^2 M AP
Clum p
N um ber





V elocity  




Position on  
m ap
C losest 
position  w ith  
^3C0 spectra
1 A, I -40 to 7 11 to 35 0 ", -10" 2 (0",0")
2 13, II -20 to 9 13 to 16 -50", -20" 8 (-40",-40")
3 B, II 1 to 6.5 13 to 29 -50", -50" 10 (-50"-60")
4 A -15 to 9 - -15", 20" 1 (10", 20")
5 B, II 3 to 6.5 14 to 20 -80", 0 " 11 (-60"-10")
6 C, III 3 to 10 12 to 29 -5", 55" 7 (-20",40")
7 D -25 to 6 - -55", 30" 12 (-80",30")
8 C -5 to 9 - -30", 65" 9 (-40", 60")
9 A 4 to 7 - 15", -35" 3 (-10",-20")
10 II - 16 to 23 -20", -65" 5 (-20",-70")
11 II - 15 to 24 -10", -35" 3 (-10",-20")
12 III - 18 to 27 -55", 50" 9 (-40", 60")
13 III - 22 to 30 -75", 25" 12 (-80",30")
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IV. DERIVATION OF PHYSICAL PARAMETERS
The m ass of the high velocity gas is a key parameter in unUerslanding 
its energetics. In order to find the m ass, it is necessary to determ ine tlie 
optical depth and the colum n density of the gas. A brief summary is given  
below  explaining how  these quantities are obtained.
a. Optical depth
The optical d ep th  can be ca lcu lated  from the ratio o f radiation
tem peratures for tw o  isotop es o f CO. The radiation tem|U‘rature, I'r , is 
directly related to the observable quantity '1'^̂ * (antenna temperature) and is
defined by
I^,dv = ^ k ' I \ U v ,  Oa)
where Iv is the observed intensity of the source at frequency v, c is the s|iced  
of light, and k  is the Boltzmann constant.
The solution  for the transfer equation is approxim ated by the solution  
for a uniform  m edium
C = ( l - e - = - ) /C C / ; , j ,  (lb)
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where* By  is the Planck function for gas at excitation tem perature, The 
excitation tem perature is  equal to the kinetic temperature,Tj^;,i, if local 
therm odynam ical equilibrium  (LTE) holds. From equation (la ), (lb ) and the 
relation b etw een  the observed  antenna tem perature and the radiation  
temperature we obtain the follow ing
where T a ' is the antenna tem perature corrected for atm ospheric and  
telescope losses, is the beam efficiency w hich takes the side-lobe losses of
the telescope beam into account, tv is the optical depth at frequency v, h is the 
Planck constant, and / ,  is the beam filling factor, i.e. the fraction of the beam  
filled by the source.
We apply equation (2) to the data for each of the tw o species, e.g.,
1 -3 -4 2  and J = 3 ^ 2 , under the assum ption that they share a com m on
excitation temperature (the tw o isotopes have very similar energy levels and 
transition probabilities). If w e ignore the sm all d ifference in em itting  
frequencies of the two isotopes (345 GHz vs. 330 GHz), the ratio of radiation  
temperatures is
t ;; 7-;'' i -c - '* '"
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in wliich /  (which is unknown) and r]  ̂ are eliminated. If we further assume 
an abundance ratio for the two isotopes ol (I.anger and Peiuias,
1990)/ then
II =: 60.
From equation (4) one can solve for both ty'" and Xy'4 using equation (.1) with 
the known ratio of antenna temperatures.
b .  E x c i t a t i o n  t e m p e r a t u r e
Once the optical depths are known, the excitation temperature can be 
determined from equation (2) if the value for the filling tactoi f is known. 
We assume f = 1, which will be justified later. Thus, tlie excil.ilinn 
temperature is given by
( )̂
c. C olu m n  density
If the optical depth and the excitation temperature are known, i n e  
column density can be calculated. The optical dej)th is defined as
T.
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= }  k,.(Iz, (6)
whüru 2 is the d istance light travels th rou gh the gas. The absorption  
coefficient, kv, is g iven  by
(7)
where and Hi, are number densities for the upper and low er m olecular 
populations, respectively, / and u are the rotational quantum  num bers of the 
lower and upper states, B/» is the Einstein absorption probability, and B«/ is 
the Einstein probability for stim ulated em ission.
The ab sorp tion  probab ility  d e p e n d s  lin early  u p on  the rate of 
spontaneous de-excitation, Aui, w hich is  g iven  by
where // is the electric dipole m om ent o f the m olecule and gu is the statistical 
w eight of the upper level. If ky  is substituted in equation (6) and the m edium
is assum ed to be in LTE, w hich a llow s us to use the Boltzm ann equation
\
, the optical depth is given by
6 2  , . i
where Nj is the column density of molecules in the lower rotolional level.
[For a detailed derivation of equation (9) see Lee 1992.]
For a linear molecule gu = 2u + 1. Equation (9) yields the lower state 
column density for some frequency interval, but it is often more practical to 
integrate over velocity intervals. Furthermore, the total column density is 
necessary to calculate the mass of the gas, so all rotational levels have to be 
taken into account. By using the Boltzmann equation with equation (9), wc 
find for a linear molecule that the total column density integrated over all 
velocities is
3k hB)
where B is the rotational constant of the molecule in question, v is velocity 
measured in km /s and Ntoi is calculated in cnr^. In the case of CO, H = 5.7()4 
X IQlO Hz and jA -  1.12 x lO'i^ esu cm (Chantry 1979). Thus, for the 
J=3—>2 transition the total column density (in cm'-) is;
N,,, =  j 0 . 8 0 . V I O ' " ( y ; ,  +  0 . 9 2 ) / " [ I - c  |  ( 1 1 )
Since the main constituent of the cloud is molecular hydrogen, one 
needs to relate the column density of CO obtained above to the column 
density of H2 in order to estimate its mass. Here we use thi> abundance r a t io s
N(i2C) Nfi^cO)
of = 60 and y  = 1 x 10"'*. These relative abundances .me ac tually
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uncurtain, but the* assum ed ratios w ill probably introduce uncertainties of less  
than a factor of 2 in the determination of the m ass of the CO clumps.
d. Mass
The m ass of the H 2 gas in the clum p is found by m ultip lying the total 
colum n density by the assum ed area o f the clum p. A , and the m ass o f a 
hydrogen m olecule mn.; • The m ass (in M©) is given by
M(H2) = (104 X N(42cO) x mna X A )/2  x lO^S. (12)
The diam eters of the high-velocity gas clum ps are approxim ately equal to the 
s i/e  of the beam; therefore, the A = jcr̂  = 2.732 x 1CP4 cm ‘2, w here r = 0.03 pc. 
The accuracy of this calculation depends quite strongly on the uncertainty in  
the distance. Specifically, the value of the m ass obtained for an assu m ed  
distance to Mon 1<2 of 830 pc w ill be only 76% of the value calculated for a 
distance of 950 pc.
I'inally, in order to obtain the total m ass of a clum p, w e m ust take into  
account the fractional helium  abundance (10% by num ber). Thus, the total 
mass of a clum p in solar units is
M = 1.4 X M (H2)
= 9.25 X 1 0 - X N(>2c O) Mo - (13)
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e. Excitation temperature aiui mass in the optically thin limit
In our previous d iscussion , it w as assum ed tor the caleulation ot the 
total colum n density that the optical depth w as known. This is not necessary, 
how ever, if the optically  thin approxim ation is valid (i.e. Xv -^<1). Then, 
equation (2 ) becom es
The filling factor is again assu m ed to be unity. The optical depth can be 
elim inated from equation (14) if w e use equation (9). Then, the expression lor 
the ratio of Tr evaluated for tw o different transitions (Ji ^Ji - 1 and J;> ->]:>-1 ) 
depends only on Tex and the m olecular constants. In the case of CO
'  "'I
N ote that for the calculation of the colum n density in the optically thin limit 
w e do not assum e a value for the filling factor; w e just assum e that '-’CT) and 
gas share the sam e filling factor. In this case w e are interested in the 
J=3-^2 and J=2->1 transitions o f ^^CO, for w hich we obtain:
r  = _  061
In
w here T a n d  are the rad ia tion  tem jie ra tu res  for the j 3 and
J=2—>1 transitions of CO, respectively. It has alre,\dy been noted that the two
65
transitions have different beam  efficiencies. Thus, from equation (14) the
ratio o f radiation tem p eratures is  equal to the ratio o f  the antenna
n 0 61
temperatures m ultiplied by
We can calculate the total colum n density by substituting the results of
d v  d v
equation (9) in equation (14), by using —  = i.e.
(17)
J 8;r VIÀ - II
Therefore, tlie general equation for the total co lum n density  in the optically  
thin lim it is
h'or the J-3 -> 2 transition (w hen Xv «  1),
/V ,„=J 4 .64.V1 O'- r , , ( i ; ) / '  ( u)r/u. (19)
I'or the * 2 co  J = 2—>1 transition (w hen Xv «  1),
= j  1.05.r 1 o''T,. ( u ) / '  ' " Y - ( u)(/u. (20)
In sum m ary, the excitation  tem perature (in K) is  calcu lated  from  
equation (5) for the velocity range where h^CO is detectable. Hence, the optical
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depth can be determined. Equation (16) is used to calculate the temperature 
when the optical depth is relatively small. For velocity intervals that the 
optical depth is known, the total column density (in cnv“) is calculated from 
equation (11). For the velocities where the gas is optically thin, Nt t̂ is given 
by equation (19) . We will present these calculations based upon our data in 
the next Chapter (V).
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V. ANALYSIS OF OBSERVATIONS
a. Optical depth versus velocity
Equation (3) relates the optical depth for ^ 2 c o  and em ission
and to the ratio o f  the radiation tem peratures o f the tw o isotopes. The 
radiation tem perature is directly associated w ith  the antenna tem perature, 
T a \  the observed quantity. The principal assu m ptions are that each species 
has the same excitation temperature and the sam e filling factor. In this case, 
observations of the rotational transition J=3-»2 o f i^ c o  and are used.
Erom equation (3) the optical depth  for J -3 -^ 2  and J=3->2 
em ission is calculated for the range of velocities w here can be detected. 
Since the values of %13 w ill behave in exactly the sam e w ay, w e w ill
d iscuss the variation o f  the optical depth o f i ^ c o  w ith  velocity. The optical 
depth versus velocity is  plotted for all 12 positions w here w as detected  
in Figure 12 (i an d  ii). The error bars o f  the optical depth are included. 
Identical trends are apparent at all positions, nam ely the optical depth is small 
for velocities large relative to the line centre and it peaks close to the line  
centre, i.e. at 10.3 k m /s .
It must be em phasized that the CO em ission  is saturated w ith in  1 k m /s  
from the line centre. This is evident from the value of T a ’(^^CO)/Ta*(^^CO) 
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Fig. 12 i The optical depth tor *^C0 versus velocity is plotted for positions 1 to
6 where observations were made. The position number is indicated within each 
diagram. The error bars of the optical depth are included. In most ca.ses the optical depth 
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Kl g. 12 ii The optical depth for (x^ )̂ versus velocity is plotted for positions 7 to
12 where ‘ --CO observations were made. The position number is indicated within each
diatiram. Tlic en or bars o f the optical depth are included. In most cases the optical depth
increases towards the line centre (10.3 km/s).
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A ratio sm aller than unity im plies > xl2, w hich is not plausible since '~CO  
is typically tw o orders o f m agnitude m ore abundant than i^CO. The most 
likely explanation for such small values for the ratio of antenna temperatures 
is that 2̂c O  is optically tliick and has a self-absorption dip, w hile being  
m ore o p t ic a l ly  th in , s u ffe r s  le s s  s e lf -a b s o r p tio n . W h en ev er  
T a’"(^^CO)/Ta''(^^CO) is near unity, w e cannot find a reliable value for the 
optical depth.
The optical depth tends to decrease aw ay from the line centre. In most 
cases, the decrease is by at least one order o f m agnitude from a m axim um  
value of betw een  1 and 3 to a m inim um  value betw een ü.OUiS and t).KS.
The m inim um  value is set by the detection  limit; o f the  ̂ em ission .
A lthough for m ost positions there is a sm ooth  variation of the optical depth  
w ith  ve locity , the optica l depth  at p osition s 5 and 9 exhibit significant 
variations w ith velocity. This may be due to the com plicated structure of the 
lines at these positions (see Figure 8).
In the analysis that fo llow s it is assum ed that the main .source of error 
is the noise in the data, i.e. the finite value for the signal-to-noise ratio of the 
spectra. The root-m ean-square (rms) uncertainty of the antenna temperature,
TA^rms / for the  v a rio u s  transitions is s lightly  d ifferen t .since the quality  of the 
spectra  is n o t  identical. We estim ate  the s tan d a rd  dev ia t ion  of the an tenna 
te m p e ra tu re  by u s in g  a fu n c tio n  of the  SPIiCX p ack ag e  th a t  d o es  this  
au tom atically . W e find tha t the  s tandard  dev ia t ions  for the th ree  transitions 
are; 3->2) = 0.13 K, aTA*(‘-^CO 3-^2) = 0.10 K, and  gT a 'C^CO 2 ,1) -
0.13 K. Fo llow ing  Bevington (1969), we calculate the error in the value of the 
op tica l d e p th  d u e  to  the  p ro p a g a t io n  of the  u n cer ta in t ies  in the an tenna
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tem peratures. Our conclusion  from this analysis is  that the uncertainties  
involved in evaluating the optical depth  relatively close to +ie centre o f the 
line are sm all (typically less than 8 %). It is not very useful to estim ate the 
statistical error of the optical depth at the line centre since it is not w e ll 
determ ined. I’or h igh-velocity  gas the error increases dram atically to m ore 
than 20%. Figure 13 dem onstrates for position 1 (10", 20") as an exam ple, that 
the uncertainty in the excitation tem perature is fairly constant, even  if  the 
error in the optical depth  is high. Thus, the large uncertainties in  the 
calculation of the optical depth do not introduce severe problem s in the 
estim ate of the excitation temperature.
For the calculations that follow it is assum ed for velocities where 
em ission cannot be detected that gas is optically thin, or equivalently, Xv 
5 (l-e*''“). Is tliis statem ent valid? We find that the optical depth for gas 
has to be less than 0.003 (or < 0.15 for I^CO) for the uncertainty of the optically  
thin approxim ation to be acceptably sm all (less than 8 %). If x^3 > 0.008, the 
error introduced by the approxim ation is m ore than 25% and rises steep ly  
with increasing optical depth. H ow ever, the average value for the m inim um  
measurable optical depth for all positions is m uch higher, x̂  ̂= 0.08 (x '“ ~  60 x 
0.08 = 4.8). Tlius, w e conclude that the gas is, in general, not necessarily  
optically thin w h en  cannot be detected  because of the sign ifican t
difference in their abundance. The portion of the spectral line that has an 
observable counterpart in em ission  is referred to as the "optically thick  
region" w hile the rest of the line is referred to as the "optically thin region", 
even  though these lab els m ay not a lw ays be com p lete ly  justified . For 
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Fig. 13 T h e  u n c e r t a in t i e s  (% )  in th e  o p t i c a l  d e p t h  f 0 )  and in th e  e x c i t a t i o n  
te m p e r a tu r e  ( O )  v e r s u s  v e l o c i t y  fo r  p o s i t io n  I 110", 2 0 " ) .  T h e  large  u n c e r ta in t ie s  in the 
o p t ic a l  dep th  d o  n o t  in tr o d u ce  large  uncerta in ties  in the  e x c i t a t io n  tem perature.
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b. Excitation temperature versus velocity
It has  b e en  i l lu s tra ted  th a t  the  exc ita tion  te m p e ra tu re ,  T^x, can  be 
estim ated once the  optical d e p th  is know n. This  is d o n e  us ing  eq ua tion  (5), 
which invo lves  the  rad ia tion  tem p e ra tu re  of a t ra n s i t io n  for tw o  iso topes  of 
the sam e species (in this case and  J=3-»2). Thus, we can com pute  
the ex c ita t io n  te m p e ra tu re ,  Tn,ick/ for the  ve locity  ra n g e  over w h ich  the  
rad ia t io n  te m p e ra tu re  of can  be fo u n d  f ro m  the  m e a s u re d  an ten n a
tem perature. O u ts ide  tha t velocity range , in  the "optically thin" region, since 
we canno t d irec tly  de te rm in e  the op tica l d e p th  w e  m u s t  a ssu m e  th a t  the  
o|)tical d ep th  is sm all, or that Tv = (1-e*'^^). T hen , if w e  have  observa tions  of 
two transitions of the same isotope (here J=3-»2 a n d  J=2->1), w e  can use 
equation  (lo) to calculate  the excitation te m p e ra tu re ,  Tthin- In o u r  p rev ious  
discussion w e concluded tha t this app ro x im a tio n  is o ften  poor.
in  I’ig u re  14, we p resen t  a p lo t of the  exc ita tion  te m p e ra tu re  ve rsus  
velocity for the  tw elve positions, as d e r iv ed  from  bo th  m ethods ; th is  figure  
includes the e rro r  bars for Tpiin a n d  Tthick w h e n  they  a re  larger than  the  
sym bol that rep re se n ts  the \ a lue  of the ex c ita tio n  te m p e ra tu re .  In tw o 
positions, 1 an d  11, we presen t bo th  Tthin a n d  Tthick for h igh  velocities to 
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Fig. 14 i E x c i ta t io n  tem p e r a tu r e ,  Tox. v e r su s  v e l o c i t y  tor  p o s i t io n s  I to  fi trom hoth  
r a e ^ o d s ,  in c lu d in g  th e  error bars o f  Tthick ( O t  a n d  Tu„n <©)• I he p o s m o n  n u m b e r  is 
in d ic a te d  w ith in  ea c h  d ia g ra m . W h e n e v e r  the error bar d o e s  not ap pear ,  u is sm a lle r  than 
the s y m b o l  that rep resen ts  the point .  I 'h e  drop  o | the  e x c i t a t io n  tem perarnm  very neat the 
h^CO peak i.s d u e  to the se l l -a b so r p t io n  ot ' - ( ' f ;  T h e  e x e i ia t io n  tem p e  ra m ie s  trom 'he t'/.,, 
m e t h o d s  are c o n s i s t e n t :  T ,hm  g e n e r a l ly  t o l l o w s  the e .x trap o la ted  c u i v e  trom  the liinok 
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r i g ,  à 4 iî  E x c ita t io n  tetnperature ,  T^x- versu.s v e l o c i t y  for  p o s i t io n s  7  to 12 from  both  
m c t l io d s .  inclutJinii the e n o r  bars o f  Tthick. l O i  an d  Tm in I © ) .  T h e  p o s i t io n  n u m b e r  is  
in d ic a te d  w ith in  each  d ia g ra m . W h e n e v e r  the e n o r  bar d o e s  not appear,  it is  s m a l le r  than  
tlic >\rnbtd that represoni.s th e  p o in t .  T h e  d rop  o f  the e .xcitation  tem perature  v e t y  near  the  
' 'C'O peak is d ue  to the s e l f -a b so r p t io n  o f   ̂ -C O . T h e  e x c ita t io n  tem p eratu res  from  the t w o  
m e t h o d s  .ire c o n s is t e n t :  Tui,n g e n e r a l ly  f o l l o w s  the  ex U ’a p o la te d  c u r v e  fr o m  the  Tmu-k  
v a lu e s .
-J
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The data of Figure 14 (i and ii)  indicate that the variation ol 
temperature with velocity interval follows the same trend for all positions. It 
generally decreases as the velocity relative to the line centre increases. Very 
near the emission peak the calculated temperature drops. This is an 
artifact due to self-absorption of i ^ c o  gas.
We also provide a table (Table 111) that includes all of the \ alnes ol 
Tthick/ since, in general, Tthick is more reliable than T thin . In Figure hs w  e 
overlay all of the temperature versus velocity plots in one diagram, in oruei 
to display the range of the excitation tem peratures values. I'he derived 
values for the excitation temperature vary between 5 and bd K. The values ol 
Tthin generally follow the extrapolated curve from the values o f  Tthick ( s e e  
Figure 14 i and ii).
Error analysis indicates that the uncertain ty  in the excitation 
tem perature  obtained in the "optically thick" region, AT t h i c k -  is small 
(typically less than 5%). This may seem surprising since t h e  température 
depends  upon  the optical depth, which Iras laige uncertainties at  high 
velocities (see Figure 13). Tthick, however, depends  more strongly on 
radiation temperature than it docs on optical depth. T h u s ,  the error in the 
excitation temperature is not determined b y  the l a r g e  u i k  e r l a i n l i e s  in I lie 
optical depth. The situation is quite different for Tthm- 1 l e r e  t he  e r r o r s  d u e  to 
the limited signal-to-noise ratio can be in excess of lhii'%, (see I igure 14 i a n d  
ii), the tendency being that they increase as t h e  signal h e u m i e s  c o m p a r a b l e  to 
the noise in the spectrum.
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superimposed in one diagram. The excitation temperature varies between 5 K and 00 K. 
Tlie numbers in parentheses indicated the position number,
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Wo w ill o”am ino in m ore detail the beh av iou r of the excitation  
temperature obtained from the tw o m ethods. It has already been pointed out 
that, overall, the tem peratures obtained from the tw o m ethods are in very  
good agreem ent w ithin their error bars. There are, how ever, tv/o difficulties. 
One of the problem s is that that there are tw o positions (1 and 6) where Tthin 
does not agree w ith Tthick w ithin the uncertaintie'% The second problem  is 
the excitation tem perature can have negative values. We are not concerned  
about this issue w hen the negative values can be explained by the lim ited  
signal- to-noise ratio, as is usually the case. The only exception is position at 4  
(-1Ü", 6Ü"), w here the negative values for the excitation tem perature persist 
w hile the signal is not comparable to the noise (Figure 16).
The discrepancy seen  at som e velocities in position  1 and 6 can be 
explained by the fact that in our error analysis for the excitation temperature 
in the optically thin approxim ation w i inly take into account the error due to 
the stochastic  n o ise  in  the antenna tem perature. The fact that the  
approxim ation can be poor has been neglected, l io w  d oes the value for the 
tem perature change if the optical d ep th  is larger than the optically  thin  
approxim ation recpiires? Equation (5) indicates that there is a com plicated  
dependence of excitation temperature w ith  radiation temperature and optical 
depth. We calculate the temperature for the tw o positions of interest (nam ely  
I and b) from equation (5) under the assum ption that the low est value of the 









a g e  1 °
Velocity (km/s)
Fig. 16 Excitation temperature from both methods at position 4 (-!()”, 60"). '('his 
is the only position where the excitation temperature has negative values that can not be 
explamed by the limited signal-to-noise ratio.
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The* receding gas in the optically thin region at position 1 (10", 20") has 
an excitation temperature that is too high (Figure 14 i). In order to avoid the 
assu m p tion  that is op tica lly  th in , w e  recalculate the excitation
temperature at v = 19 k m /s , using -  6.3 as found at v = 18 k m /s  from  
equation (3). From equation (14) w e find that the radiation temperature for v 
=: 19 k m /s  is 1.6 K. The new  value of the excitation tem perature obtained  
from the general expression  (5) is Tnew thin(v = 19 k m /s )  = 6.8 K and not 
Tthiii(v = 19 k m /s) = 20.1 K. The new  value (6.8 K) is  in m uch better 
agreement w ith the temperature calculated for v=18 k m /s  from  the optically  
thick region (8.4 K) than is the old Tthin-
Position 6 (-20", -10") has approacliing gas at 2 k m /s  and 3 k m /s  in the 
optically thin dom ain w ith  tem peratures that are not in agreem ent w ith  
Tthick at V ~ .5 k m /s  (see Figure 14 i). The excitation temperature Tthin at the 
velocities in question (2 and 3 k m /s) is  calculated by assum ing that the gas is 
optically thin. If the optical depth for 3 k m /s  is assum ed to be equal to the 
optical depth found at 4 k m /s  (i.e. Xv = 5), then the new value of the excitation 
temperature is T„i?w th in  (3  k m /s) = 6  K ,  and not T t h in  (3 k m /s) =  9 6  K ,  as 
determ ined from the optically thin approxim ation. The new  value agrees 
quite well w ith  the value from the optically  thick lim it, since Tnew thin < 
T|hick(4 k m /s) = 13 K. We have just show n that the tw o cases o f discrepancy 
betw een the excitation temperature derived from the tw o different m ethods  
can be explained if the optically thin approxim ation is not accurate.
Finally, the otiier problematic position is 4 (-10", 60"), because som e of 
the receding velocities correspond to negative excitation tem peratures (Figure 
16) that cannot be explained by the lim ited signal-to-noise ratio (they do not
8 2
appear in  Figure 14 i). Tliis problem cun bo explained when we consider that 
the filling factor for the l-C O  transition is at m ost (1 5 /2 1 )“ if the
angular size of the source is equal to or less than 15" (the beam w idth  tor this 
transition is 21"). W e find that in all cases w here the ratio ot radiation  
tem peratures is  larger than the theoretical lim it (d /4 ) im posed by equation  
(16), the filling factor consideration is adequate to explain the discrepancy. 
Therefore, this is an indication that clum p 6 (at position 4) is at most d.Oo pc 
across.
c. Column density of CO versus velocity
The colum n density can be found in the "optically thick" region from 
equation (10) and in the "optically tliin" region from equation (IS) . I'or our 
12cO J=3->2, J=2—>1 and J=3-?2 observations w e use equations (11) and
(19). In Figure 17 (i and ii) w e present the com puted column density and its 
error versus velocity from both methods; w herever a bar does not .qipear, the 
corresponding error is  smaller than the sym bol that repre.sents the point. 1 he 
CO colum n density (calculated for all rotational state.s) are noted as N(i,ick and 
N t h i n /  respectively. The term total colum n density will b e  u s e d  la t e r  for the 
sum  of colum n densities over the entire velocity range. It is important to 
em phasize that the N t h l c k  values are more reliable thari the N u i i u ,  si n e e  the 
former are based on know n values of the optical depth.
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Fig. 17 i The column density from both methods. Nthick (O) and Nthin (®) versus 
velocity tor positions 1 to 6. The position number is indicated within each diagram. 
WhencNOi- the enor bar does not appear, it is smaller than the symbol that repre.sen'ts the 
point. For transitional velocities between the optically thin and the optically thick region, 
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F i g .  1 7  il T h e  c o l u m n  d e n s i t y  from  both  m e t h o d s .  N'thick ( O )  and N'lhin versu s  
v e l o c i t y  fo r  p o s i t i o n s  7 to  12, T h e  p o s i t io n  n u m b e r  is  in d ic a te d  w it h in  e a c h  d iagram .  
W h e n e v e r  the error  bar d o e s  not appear , it is s m a l l e r  than the s y m b o l  that rep resen ts  the 
point.  F o r  tran.sitional v e l o c i t i e s  b e t w e e n  the o p t ic a l ly  thin and the o p t ic a l ly  th ick  reg ion ,  
the c a lcu la ted  c o l u m n  d e n s i t ie s  from  both m e th o d s  a gree  w ith in  their etTor bars.
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Thu values of the CO colum n density  have a large range for various 
velocities. They span from 10^  ̂ cm '- to over cm '- in the "optically thick" 
region and they cover from less than 10^4 cm'^ up to 10^6 cm '- in  the 
"optically thin". A lth o u g h  the v a lu e s  o f Tthick have very  sm all 
uncertainties, Ntiuck can have large errors, due to its dependence on optical 
depth. Figure 18 illustrates tliis quite clearly for position 1 (10",20"). The CO 
colum n density and the optical depth errors behave sim ilarly; so m uch so 
that the tw o sets o f data poin ts are a lm ost in d istin gu ish ab le . After  
perform ing rigorous error analysis, w e find that the errors associated w ith  
Nthin are large; they often exceed 100%, as is ev ident from Figure 17. It 
should be em phasized that w here the relative errors for the colum n density  
are large, the values o f the CO colum n d en sities are sm all (typically tw o  
orders of m agnitude sm aller than the m axim um  value) and therefore, these 
errors are not a major concern.
The agreem ent betw een  the value of the CO colum n density derived  
from the tw o different m eth ods in the vast m ajority o f cases is excellent 
(Figure 17). There are a few cases, how ever, w here N t h i n  is smaller than an 
extrapolation of Nthick values w ould  suggest. An extrem e exam ple is the  
situation at position (0 ", Ü"): N t h i c k  evaluated at 17 k m /s  is 1.0 x 10^6 cm '-  
and Nthin'h 17 k m /s  is 1 .9 x 1 0 ’'! cm'-. This difference, however, is actually 
w ithin the large uncertainty of the colum n density for N t h i c k  (v=17 k m /s) , 
w hich is due to the low signal to noise ratio.
A lth o u g h  the  c o lu m n  density  in the optically  thick limit d e p e n d s  on  
the tilling factor, it does  not in the optica lly  th in  limit (equa tion  1), if w e  
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Fig. 18 Variation with velocity of the errors (%) in the column density of ' 4  'O 
(*) , the optical depth (□ ) and the excitation temperature tO), respectively, for position I 
(10",20"). The CO column density and the optical depth errors behave so similarly tiuit 
the two sets of data points are almost indistinguishable.
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The fact that in most cases the column densities from the two methods are in 
good agreement indicates that the assumption that ttie filling factor is one is 
fairly accurate.
If we exclude cases like this, where the discrepancy is ultimately caused 
by the limited signal-to-noise ratio, there is only one isolated case where 
Nthin does not agree with Nthick within their error bars. Tor position o 
-10") we obtain Nthin(3 km /s)  = (2.Ü ± 0.6) x cm - and Nuuckt'l km /s) -  
(26.6 ± 4.5) X 10^3 cm'-. In order to explain this inconsistency, we consider the 
dependency of the column density on the excitation temperature. Nn,in 
depends on the factor T^x exp(33.18/Tex) [see equation (lv)|. based on the 
graph of tills quantity versus excitation temperature (Figure 19), we lind that 
this factor is almost constant for temperatures between 2U and 100 K, but that 
it dramatically increases with decreasing temperature when I'cx < 20 K. I'or 
example, the difference between the two terms calculated for 5 and 10 K is 
more than an order of magnitude. We have already demonstrated, however, 
that for V = 3 k m /s  at position 6, the value of the excitation temperature is 6,4 
K (instead of 96.2 K), when the optically thin approxiinatioii is relaxed. I'he 
ratio of the term evaluated for the two different temperatures is 11, which 
means that Nthin (3 k m /s)  is (2.2 ± 0.7) x cni'2, if we take into account 
that the gas is not optically thin. The value of Nthick i^ (2.7 1 II..3) x 10'^’ cnv'2, 
which is in good agreement with Nthin. Therefore, we have shown that the 
d iscrepancy be tw een  Nthin and Nthick fur position 6  ( - 2 (1", can be 
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Fig. 19 Tcx exp(33.18/T{5x)-which is directly proportional to Nthin-versus 
excitation temperature. This demonstrates that Nthin >s almost constant for temperatures 
between 20 and 100 K, but is very sensitive to changes in the excitation temperature when
Tcx<20K .
89
From the previous discussion \vc conclude that tlic CO column donsiiv 
obtained by using ^-CO and J=3—>2 observations is in excellent
agreement with the column density obtained by using '-CO j~ d >2 and J:-2 >1 
observations in the transition regions. The few difficulties that arise can be 
explained by stochastic errors and by the fact that our assumption of optical 
"thinness" in the second method is not always appropriate,
As we have mentioned in the beginning of tliis section, we calculated 
N t h i n  from equation (19) for J“3->2. The CO column density for the 
optically thin region must not be different if we calculated Nuu,, from 
equation (20) for f2 c o  J=2->1. As an example, at the position 1(h)", 20"), the 
two values agree to within 5%.
d. Mass and other properties of the Itigh-velocity clunip.s
It has been shown in Chapter IV that, in order to calculate the mass of 
the clumps, it is necessary to determine the size and the total column density 
for the velocity range of each clump. Since the shapes of the clumps change 
continuously with velocity interval, we assume that they are spheres with a 
diameter of 15". This hypothesis is fair, since most clumps have d im en s io n s  
between 10" and 20", although it is possible that some dum ps may not lie 
resolved.
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Obtaining reliable total column densities is complicated by the fact that 
some of the clumps have both receding and approaching gas, and that most 
are not visible between 6.5 km /s and 12 km /s. We believe that those clumps 
which are seen on maps of both receding and approaching gas are present in 
the intermediate velocities as well. This is based on the following  
observations: two main absorption features occur on average at (7.6 ± 0.5) 
km /s and (11.3 ± 1.0) km /s. Thus, between 7.1 km /s and 8.1 km /s, as well as 
10.3 k m /s and 12.3 k m /s, the intensity is not a very accurate measure of 
column density. For the intervening velocity range, namely between 8.1 
km /s and 10.3 km /s, the features are not seen readily, probably due to the 
presence of smoothly distributed gas in that velocity range. This quiescent gas 
prevents the clumps from appearing distinctly in the maps. Another 
argument to justify our conclusion that the clum ps have gas with a 
continuous range of velocities is that the velocity structure implied otherwise 
would be very strange. However, since the previous discussion is not proof 
that the clumps have velocities that include the line centre, two approaches 
are used to calculate the total column density of each clump.
Using the first approach, we calculate the total column density based 
on the hypothesis that the velocity range of the clump includes the centre of 
the line. With this method, we have to assume some value for the column 
density near 10,3 km /s in positions 1, 2, 3, 9 and 11, where the column density 
cannot be found directly because of absorption. There is no quantitative way 
to treat this problem, so simple reasoning is followed. Five positions have 
column densities calculated at v= 10 km /s. Three of them have their highest 
measured column density for v = 10 km /s; the other two positions have their 
highest measured column density at v= 9 km /s and 12 km /s. Therefore, we
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adopt the highest value for the column density among the values ealeulaled 
for 9 km /s and 12 k m /s as the value of the column density for v 1Ü km/s,
For all other velocities we use the calculated values of the column density.
The secorid approach consists of calculating the total column densit\ 
and the mass based exclusively on the velocity range where the clump is 
clearly seen. If we compare the two results we can i iu  estigate the importance 
of the mass near the centre of the line (1Ü.3 km /s). To summarize; the total 
column density is calculated by assuming tiie clumps arc present throughout 
the line, wherever they are seen in the maps of both receding and 
approaching gas; it is also deduced by omitting the velocity intervals where 
the clumps are not seen.
Our results are presented in Table IV. This table includes the running 
number of the clump, its receding mass, its approaching mass, the sum of the 
receding and approaching mass (i.e. the results from the second approach), 
and finally, the total mass for the whole clump including the line centre (i.e. 
the results from the first approach), In most cases where there is approachiiig 
and receding gas, the approaching gas is approximately two times more 
massive. Furthermore, the overall average mass of the gas that is 
approaching is larger than that of the receding gas.
We compare the masses of the clumps seen in the Mon K2 core with 
other clumpy outflow sources. The clumps in CIL 490 ciiscu.ssed by Mitchell et 
al. (1993) have masses between 0.5 and 0.01 Mo- These values are large 
compared to the masses of clumps in other outflow sources, for example: 
clumps in L1448 1RS 3 have a few x M^ (IJachiller et al. 1990;, IRAS
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1 0.19 0.81 1.00 2.34
2 0.78 0.35 1.13 2.73
3 0.56 0.31 &87 2.37
4 1,66 0 1.66 1.66
5 0,43 0.14 0.57 2.31
6 1,20 0.44 1.64 2.51
7 OIW 0 0.08 ’ 0.08
S 0.85 0 0.85 0.85
9 0.18 0 0.18 0.18
10 0 0.17 0.17 0.17
11 0 0.09 0.09 0.09
12 0 0.12 0.12 0.12
13 0 0.007 0.007 0.007
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032S2+3Ü35 has clumps with a tew v 1Ü"* Mo (haclullor et al. l^wt), ami 
clumps in p Oph A have masses equal to Mo (.Aiuiiv et al.
Comparing the previous masses witli the values we deduced ioi Mon K2, it 
is clear that all the clumps in Mon 1̂ 2 (with one exception) are more niassh e 
than clumps in other clumpy outflows.
We can estimate the fraction of the total mass in the line of sight that is 
included in each clump by dividing the clump mass (from the last column oi 
Table V) by the total mass (integrating overall detected velocities). Tlu' 
average value of this ratio is (27 ± 22)'%,. It should be noted that there is a 
large scatter in this mean value. I'or clumps that have only approaching or 
receding gas, the ratio is generally below lfi'%, (the only exception is clump h, 
with a ratio of 25%). Clumps, however, that are present in both maps, even it 
the central part is ignored, represent 35'%, to 65'%, of tlie total mass. Prom these 
results, it is fair to say that the masses of the clumps are not negligible in 
comparison with the mass associated with the centre of tiie line. We imisi 
emphasize, though, that these percentages are upper limits, since the total 
column density is actually higher than is implied by our CO observations due 
to self-absorption in CO. We will investigate this in more detail in tiie next 
Chapter.
In order to find the number den.sity of molecular hydrogen in eacli 
clump we use that the diameter of each clump is approximately 0.06 pc and 
12CO /H 2 = 1Q4. The molecular hydrogen densities calculated with these 
assumptions are summarized in Table V. Prom this table we conclude that 
the typical value of the number density obtained from our data is between It)'̂  
and 10^ hydrogen molecules cm'^. It is possible that tliese are upper limits,
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m SLEJZ
MÜM'CXJLAR HYDKÜGEN NUMBER DENSITY OF THE CO CLUMPS
Clump Number n(H2) from first 
approach (through the 
centre) 
(Number of H2 per cm^)
n(H2) from second 
approach (sum of red 
and blue) 
(Number of H2 per cm^)
1 2.9 e5 1.3 e5
2 3.4 e5 1.4 e5
3 3.0 e5 1.1 e5
4 2.1 e5 2.1 e5
5 2.9 e5 7.1 e4
6 3.2 eS 2.1 e5
7 9.4 e3 9.4 e3
8 1.1 eS 1.1 eS
9 2.2 e4 2.2 e4
10 2.2 e4 2 2  e4
11 1.2 e4 12 e4
12 1.4 e4 1.4 e4
13 9.2 e2 9.2 e2
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since in the beam there may be some contribution to the column density 
from gas along the line of sight. If, for example, the column density 
originates from material that extends in the line-of>sight times the clump's 
assumed diameter, then the molecular hydrogen density is overestimated by 
an order of magnitude. We do not expect this to be an important effect, 
however, because there is evidence that the clumps are centrally condensed 
and that the contribution of gas that is far from the centre of the clump is not 
very significant.
Note that the values from the two approaches we used to calculate the 
mass of the clumps differ at most by a factor of three. However, the value tor 
the mass of the combined receding and approaching gas should be considered 
a lower limit, since there is a considerable amount of mass with velocity 
around 10.3 km /s. This is evident from the high overall intensity of the '--CO 
gas at that velocity. Therefore, we conclude that the values for the density 
which result from the approach that includes the line core are more 
appropriate. The alternate approach will not be considered any further.
The spatial distribution of the clumps is presented in I'igurc 20. The 
larger square box is used for the clumps that have both approaching and 
receding gas, because they are usually more massive. The figure indicates that 
the various clumps do not exhibit any obvious symmetry or bipolarity, whicl 
may suggest that the clumps are not involved in a systematic movement as 
whole, but that they have their own independent directions. More about tht 
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Fîg. 20 Spatial distribution of the clumps on a RA-DEC map. RA and DEC
increase to the left and the north respectively. The square box ( C )  is used for the clumps 
that have both blue and red-shifted gas, which are usually more massive. The clumps with
only blue (O )  and only red-shifted gas (^ )  have usually smaller masses. The CO clump 
distribution does not show any obvious pattern or bipolarity,
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e. Energetics of the clumps and implications for the cloud core
Since the mass of each clump has been determined, it is possible to 
examine their energetics in some detail. We can easily calculate the total 
kinetic energy of each clump relative to the cloud core velocity, Lf, toi , by 
integrating over the appropriate velocity range. For this purpose, we must 
take into account that the observed radial velocities include the motion of the 
cloud in the line of sight. Therefore, we subtract from the observed velocity 
the radial velocity of the cloud core, Vo, namely 1Ü.3 km /s, The total kinetic 
energy is given by the following expression:
where mj are the masses at the various velocities Vj, and Uy are the observed 
LSR velocities.
The total kinetic energy of each clump has two components, which are 
due to two different types of motion: the bulk motion of a clump as a separate 
entity, and the internal motion of the gas within the clump. Clearly, it is not 
possible to determine the three dimensional direction of the bulk motion of a 
clump, since only radial velocities are available. With this limitation in 
mind, we define the bulk velocity of each clump as its mass-weighted average
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radial velocity or, equivalently, as the total linear momentum of the clump 
over its mass:
V„ = - j i= -  = ^ -^ F r — — ------------  (22)
i
where Vj are the observed LSR velocities and Vo is the radial velocity of the 
cloud (10.3 km /s). By making use of the calculated mass for each clump, 
Mcimip / it is straightforward to compute the bulk kinetic energy:
(23)
The internal motion of the gas within the clump is defined with  
respect to the standard of rest of each clump. Therefore, in order to calculate 
the internal velocity of the gas, the velocity of the cloud and the bulk velocity 
of the clump are subtracted from the observed velocities vj of each clump. 
Thus, the internal kinetic energy of each clump, Ek-in, is calculated by 
summing over all internal velocities according to the following equation:
Ek-m = - U . - l |  (24)
Our results are presented in Table VI, They include for each clump the 
mass M (in Mo), bulk velocity Vi, (km /s), total kinetic energy Ek-tot (erg), 
bulk kinetic energy L'k-in (erg) and, finally, the gravitational binding energy 
(erg), which we will discuss in more detail. It is encouraging that the 
sum of the two types of kinetic energy is equal to the total kinetic energy 











1 2.3 -0.39 1.1 u44 3.5 c-42 l.U (244 9.4 «42
2 2.7 0.05 1.9 ü4-l 6.8 ü4ü 1.9 c44 1.3 «43
3 2.4 -0.62 2.1 u44 9.1 u42 2.0 c44 9.(1 «42
4 1.7 -2.78 2.0 1244 L3e44 7.7 c43 4.7 «42
5 2.3 -0.76 1.6 e44 1.3 o43 1.4 (244 9,2 «42
6 2.5 -0.63 1.7 e44 1.0 c43 1.6 u44 l.l «43
7 0.08 -4.94 1.8 e43 1.8 c43 4.9 o41 9.7 «39
8 0.85 -2.94 1.1 e44 7.4 e43 3.5 (243 1.3 «42
9 0.18 -4.17 3.3 e43 3.1 (243 2.2 c42 3.3 «40
10 0.17 7.72 1.1 e44 1,0 e44 4.9 «42 5.1 «40
11 0.09 7.51 5.7 e43 5.3 c43 4.0 (242 1.3 «40
12 0.12 10.25 1.2 e44 1.2 e44 3.0 e42 2.3 «40
13 0.007 14.62 1.6 e43 1.6 e43 3.0 (241 9.2 «37
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J'rom Table VI it is évident that the bulk velocity of the clumps, V\), is usually 
m uch less than the internal dispersion of the gas w ithin each clum p (see 
columns 3 and 4 in T able II). The reason for this difference (a few k m /s  
versus a few tens of a km /s) is not understood.
We have discussed only the kinetic energy of the clum ps. It is 
in teresting to address the question of w hether or not the c lum ps are 
gravitationally bound. Therefore, we com pare the internal kinetic energy 
with the gravitational energy of each clum p, ' which is given by the 
following formula in the approxim ation of constant density:
= (25)
where G is the gravitational constant, M and R are the mass and the radius of 
the clump, respectively. The value of the gravitational energy of each clump 
is given in Table VI. From tliis table, we find that the internal kinetic energy 
is larger than the gravitational energy by a t least one order of m agnitude. 
Therefore, it is clear that the clumps are not gravitationally bound. However, 
this does not preclude the possibility that the clum ps are confined by other 
mechanisms. For example, ram pressure caused by a fast neutral w ind could, 
in principle, confine a clump (Garden et al. 1991). We will not pursue this 
argum ent further because, presently, there is no evidence of a directed wind.
We calculate the mean lifetime of a clum p against dissipation due to 
expansion. The speed of sound is the velocity w ith which a disturbance will 
propagate. If we assum e that the density pp and the pressure Pp are constant 
throughout the clump then the isothermal sound speed, v̂ , is given by
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K = - ^ .  (26)
■ Po
Torrelles et al. (1990) find that the gas temperature is between 30 and -15 K, sn 
we assume that the tem perature is on average 38 K. Using these results, we 
calculate the speed of sound to be Us = 0.3 km /s. Thus, the time for a pressure 
wave to move through a 0.06 pc diam eter clum p is approxim ately 2 \  10"' 
years. This time, 2 x 10^ years, is a measure of the lifetime of the dum ps in 
the absence of any external confiiiing pressure.
In general the bulk velocities are underestim ated, because the direction 
of the m otion of the clum ps in space is unknow n, as we have mentioned 
before. Therefore, if the clump is moving along the line of sight, the velocity 
we obtain is equal to its true velocity, but if the clump is moving close to the 
plane of the sky, then  the radial velocity we obtain is a small fraction of 
velocity of the clump. We assume that on average the space velocities will be 
1.4, (sin45°)‘i, times larger than the calculated values.
Finally, we investigate the possibility that the cloud core is dissipating 
due to the kinetic energy of these clum ps. We must assum e that (lie 
positions we have analyzed in det.,.l are representative. The total kinetic 
energy m ust be scaled up, in order to estimate the toial internal kinetic energy 
of the cloud core. O ur calculations indicate that the CO clumps occupy 207., of 
the m apped area, which is approximately a circle of V radius. We find that 
the total internal kin. tic energy of the cloud cure is 7.4 x 10'^’’ erg. If we 
consider that the bulk velocities have been underestim ated by a factor of 1,4 
on average, then the total kinetic energy is r 1.5 x erg.
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The binding energy of the cloud core is calculated using H enning e t 
ai.'s (1992) estimate of the mass, 200 M©, for a radius of T (0,24 pc). Thus, 
equation (25) yields that the gravitational energy is 9.2 x 10^^ ergs. From this 
crude calculation we find that the gravitational binding energy (9.2 xlO^S erg) 
is som ew hat smaller than the total kinetic energy (1.5 x 104& ergs), w hich 
suggests that the cloud core may be expanding.
Another consideration is the effect of the core's magnetic field. Knapp 
and Brown (1976) estim ate that the strength  of the m agnetic field ranges 
between .3 j.iGauss to 0.3 mGauss; this is based on a low resolution study (20’ 
beam width, which is equivalent to 10^^ cm). However, the area that we are 
examining has a diam eter of approxim ately IQhS cm. According to M yers 
(1985) the expected m agnetic field for such scales is on the order of one 
mGauss.
The magnetic energy density is given by the following formula;
(27)
where B is the strength of the magnetic field and ^ is the permeability of the 
material; here we assume that jU = 4nlO'^ H /m  in SI units. If we assume 
that the magnetic field in the core w ith a radius of 8 x lOO? cm is B = 1  mG, 
then the magnetic energy density is Em = 3 x lO^S erg. This value is almost an 
order of m agnitude smaller than the gravitational binding energy. The sum 
of the magnetic and the gravitational energy (12 xlO^S erg) is som ew hat 
smaller than the total kinetic energy of the inner core of the Mon R2 cloud (15 
X 10^5 ergs). The inequality suggests that the injection of kinetic energy into
1Û3
the core gas by the star formation process (via winds, outflows, 11 II region 
expansion) may have Initiated the disruption of the core. Since the difference 




a. Comparison of our CO map with other work
i) C im ip i im im  of  n 2,2 a m  w i th  the C O  c lum p  d i s t r ibu t ion
U sing IRCAM on UKIRT, A spin and W alther (1990) obtained a 2.2 gm  
image o f the inner 90" x 90" core region of M on R2. In Figure 21 w e have 
overlain it on the m ap of the CO clum p distribution. M ost o f the clum ps 
identified in the CO map, nam ely 5, 6 , 7, 8 , 12, 13, 9, and 10, are entirely (or 
m ostly) outside the field of the im age by A spin and Walther. There is no CO 
peak within the shell of 15" radius centered on IRS2; this w ill be explained in 
more detail later. The pointing accuracy o f the JCMT is 2" (M atthews, 1992), 
w hich is small com pared to the size of the clumps.
Four CO clum ps lie w ith in  the field  of the 2.2 g m  im age. C lum p 1 
co in cid es w ith  1RS 3 and has approxim ately  the sam e size . C lum p 2 
encom passes 1RS 6 . In the north, clum p 4 includes the infrared sources ai, au, 
c and g. Finally, clum p 11 is roughly centered on  1RS 7.
In princip le it is  not p o ssib le  from  these ob servation s a lone to 
distinguish  in each case if the correspondence of an infrared source to a CO 
clum p is due to physical association or to spatial coincidence. Since there are 
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Fig. 21 O ur C O  clu m p  distribution is su p erim p osed  on A sp in  and W alther's (1 WO)
2 .2  im age o f  the inner 90" x 90" reg ion  o f  the M on R 2 core.
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Alsu, llu; CO emission is a tracer of gas, while the 2.2 |im image indicates the 
position of highly reddened objects or of scattered light due to dust. The 
geometry presented in Figure 21 suggests, however, that 1RS 7 and 1RS 3 may 
be physically related to clumps 11 and 1, respectively. It has been noted that 
the CO clumps are in the process of dissipating; therefore they are not 
forming stars.
■•a)
ii) The CO clump dis tnlmtion campiired zuith . maps of  other molecules 
V  HCN
In Figure 22 we present intensity maps of HCN J=4->3 (354.5 GHz) 
emission. The HCN data were obtained at the JCMT in November 1992 by G. 
I'. Mitchell and II. E. Matthews. The top left map is integrated intensity from 
all the approaching gas with velocities between 0 k m /s  and 10 km /s, and the 
top right map is integrated intensity from all the receding gas with velocities 
between 10 km /s and 20 km /s. The lower map in Figure 22 is the integrated 
intensity for all the gas with observed velocities between 0 and 20 km /s. On 
tliis map we have superimposed the distribution of the CO clumps.
The approaching HCN gas shows two distinct structures: one in the 
east and one in the southwest. Within the east structure lies a southern 
concentration that has the highest intensity in the map (at the same position 
with CO clump 1). From this main peak extends an intensity enhancement 
towards the north (coincides with CO clumps 4 and 6). Figure 22 indicates 
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Fîg . 22  Integrated in ten sity  m aps o f  H C N  J= 4—>3 (3 5 4 .5  G H z) em iss io n  (15" beam ). 
T he top left m ap is integrated intensity for  all approaching v e lo c itie s  (blue), i.e. betw een 0  
km/.s and 10 km /s. The top right m ap is integrated intensity for all receding (redj velocities  
b etw een  10 k m /s and 20 k m /s. For both m aps, the base level is 1 K km /s and the interval 
b etw een  con tours is 1 K k m /s. T he lo w er  m ap is the in tegrated  in tensity  for all the 
o b served  v e lo c it ie s  b etw een  0  and 20 km /s. The integrated H C N  contours have a base  
le v e l at 2 ,50  K k m /s and the interval b etw een  con tours is 2 .5 0  K km /s. On this m ap w e  
have superim posed the distribution o f  our C O  clum ps.
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The .southwest feature has an oval shape and co in cid es w ith  CO clum p 2. 
Between the tw o intensity H C N  em ission peaks there is a m inim um  centered  
at (-30, -5 ). I'or the map of the receding gas the arc of em ission  just south of 
the intensity m inim um  becom es a prom inent feature. The southern peak  
seen in the east structure is still clearly visible, but the northern extension is 
not very distinct. The arc encom passes the southw est feature.
The IICN em ission , as seen in the integrated m ap, is distributed in  an 
incom plete ring, in the center of w hich there is an intensity m inim um . The 
strongest em ission  originates from the position of CO clum p 1 (1RS 3). The 
large H CN feature on the sou th w est part of the arc co in cid es c losely  in  
position and shape w ith  CO clum p 2. C lum ps 3, 4, 6 and 10 coincide w ith  
minor enhancem ents in the intensity of HCN em ission . It should  be noted  
that the H CN J=4->3 transition has a very high critical density  (10? cm'^) for 
excitation in the optically thin limit. H CN is unlikely to be optically thin, so  
the density of the gas probed is probably low er, perhaps closer to 10  ̂ cm'3. 
The fact that the positions of CO clum ps match fairly w ell w ith  the location of 
HCN peaks is further ev idence that the CO traces dense gas. Since the two  
m olecules probe different densities, it is reasonable to conclude that the cloud  
core has an average density of =105 cnv^ (as indicated by our CO observations), 
but can exceed 10  ̂ cm'^ in the clumps.
It has already been m entioned that R ichardson et al. (1988) m apped  
HCN in a 3'x3' region  centered  on  the core of M on R2. The overall 
agreem ent w ith  our H C N  map is satisfactory considering that they u sed  a 
lower transition (J=1~>0) and their beam width w as slightly larger (20 " versus 
15"). Both m aps have two peaks w ith  the sam e separation. H ow ever, our
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map has higher resolution and the J=4-»3 transition has a much higher 
critical density. Also, the fact that emission from other molecules (especially 
H 2CO) shows very similar structure to our HCN (J=4-->3) map gives us 
confidence in our results.
2) H2CO
Figure 23 presents HoCO = 5,  ̂—>4, ., (351.7 GH/) emission maps 
based on data obtained at the JCMT in November 1992. The beam width is 
again 15". In the upper left of the figure the integrated map for the 
approaching gas with velocities between 5.8 k m /s and ID.3 km /s is presented; 
in the upper right the integrated map gas with velocities between ID.3 km /s 
and 15.3 k m /s appears. The morphology of the integrated map for the 
approaching H2CO gas has an east feature that includes CO clumps I, 4 and 6 . 
The southwest feature seen In the map of the approaching HCN gas is not 
obvious in the H2CO map. The red half of the H2CO line Indicates that the 
south arc is very similar to the one seen In the red map of HCN. The snuth 
arc has two oppositely directed extensions. Enhanced Intensity can be seen at 
the positions of clumps 5, 6 and 8 . A common feature for all three of these 
molecules (CO, HCN, H2CO) is that they exhibit minimum emission at 
approximately the centre of the map.
In the lower portion of Figure 23 the integrated intensity of i I2CG 
emission for all velocities between 5.8 km /s and 15.3 km /s is presented. The 
emission peaks of H2CO coincide with CO clumps 1, 2, 3, 4, 6 and 8 . Thus, the 









F ig . 2 3  Integrated in tensity  m aps o f  H 2C O  =  5, j -*4,  ̂ (3 5 1 .7  G H z) (15" b eam ).
T he top left map is  integrated intensity for a ll approaching (blue) v e lo c itie s , i.e . b etw een  
5 .8  km /s and 10.3 km /s. T h e top right m ap is in teg ra ted ln ten sity  for  all reced in g  (red) 
v e lo c it ie s  betw een  10.3 k m /s and 15.3 k m /s. For both m aps, the base le v e l is  -Ô .25 K 
km /s and the interv al betw een  contours is 0 .2 5  K km /s. T he low er m ap is  the integrated  
intensity for all the ob served  v e lo c it ie s  b etw een  5 .8  k m /s and 15.3 km /s. The integrated  
H 2C O  contours have a base lev e l at -0 .5 0  K k m /s and the interval b etw een  contours is  0 .50  
K knv's. On this m ap w e have superim posed  the distribution o f  our C O  clum ps.
i n
Since the H 2CO transition is excited for densities in excess of I0<’ cur*’ 
(Sasselov and Rucinski 1990), this similarity indicates again that the L \) 
emission traces the dense gas, Also, we conclude from the low intensity near 
the centre of the M2CO map that very few molecules are present in this 
location. We will discuss this further when we analyze observations that are 
associated with the H II region.
It is interesting that the intensity from the northern extension is higher 
in the integrated H2CO map than in the HCN map. This feature is prominent 
in Figure 23. Also, the southwest structure is brighter in the 112CC) map; this 
extension coincides with clump 3. It is possible that the differences seen in 
the structure of the integrated intensity of the HCN and II2CO emission could 
be due to abundance differences.
We summarize our conclusions deduced from comparing our CO 
maps with the maps of HCN J=4->3 and H2CO =5,^ -^4,,,. The
integrated intensity maps of HCN and H2CO indicate the presence of three 
main intensity peaks that form a large emission arc which surrounds a 
circular region of minimum emission. The strongest peak coincides with IKS 
3 and CO clump 1, the second enhancement is an extension towards the north 
(CO clumps 4 and 6), and the third peak (CO clump 2) is an extension to the 
southwest from the central peak. By comparing the CO map with the HCN 
and H2CO maps, we conclude that the CO J=3-»2 transition is a fairly good 
tracer of dense gas. This is important, because it implies that the transition 
J = 3 ^ 2  of CO is tracing the densest parts of the Mon K2 cloud core, even 
though the column densities are inaccurate near the line centre.
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Although most of the CO clumps are detectable in HCN and H2CO  
emission, four clumps (7, 12, 13 in the northwest and clump 9 in the 
southeast) are present only in the CO maps. Their absence from the HCN and 
I I2CÜ maps should be expected since their densities are between 9.2 x 10  ̂cm-3 
and 2.2 x 10'̂  cm'^ (Table V), much less than the critical density needed to 
excite the high density tracers, typically over 10  ̂cm" .̂
3) CS ami  HCO^
both HCO *' and CS are tracers of high-density gas. In what follows we 
discuss only the most recent high-resolution observations in CS and HCO+ of 
the cloud core of Mon R2. Wolf et al. (1990) present a map of CS J=5->4 
emission with a beam width of 23". Gonatas et al. (1992) obtained a high- 
resolution (9".8) interferometric map of HCO+ gas in the J=l->0 transition. 
The two maps have northeast and southwest peaks that coincide well in 
position and size, separated by an intensity minimum. The overall extent of 
the CS emission is larger than that of HCO+. Gonatas et al. point out that 
lower resolution observations of a 4' x 4' field indicate that the true extent of 
MCO+ emission is larger than suggested by their high-resolution map.
In Figure 24 we overlay our CO clump distribution on the HCO+ 
(J=l->0) emission map. The two shades of grey in the HCO+ map correspond 
to two intensity levels. Since HCO+ is a tracer of high density gas, we expect 
the highest values of intensity to coincide with the clumps of highest density, 
which in Figure 24 are clumps 1,2, 3, 4 and 6. These CO concentrations have 
densities in excess of 10  ̂ cm* .̂ The only clump of large density (10® cm'^) that 
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F îg . 2 4  Our C O  d u m p  distribution is su p erim p osed  un the HC'O^ - g re y ­
scale m ap. T h e darkest reg ion s o f  HCO+ are associated  with CO d u m p s 1 .2 .  3. 4 and fi.
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This clump lies in a region of low HCZO+ intensity, as do the clumps that have 
densities between 1(P and 7 x 10'* cin'^.
We compare the maps of HCN, H^CO and HCO+ (Figure 22, 23 and 24). 
There is an intensity minimum in the centre of each map, surrounded by two 
arc-like structures (northeast and southwest). There are, however, some 
significant differences. Both HCN and H2CO maps have their most 
prominent peak around 1RS 3 (centered on U", 0"). 1RS 3 is not prominent in 
the HCO'" map. Also, the south arc evident in HCN and H2CO emission  
corresponds to a local minimum in HCO+ emission. Another difference 
among the dense gas tracers is that the intensity of the northwest link 
between the two features is relatively high in the HCO+ map, in contrast to 
the other two molecules, which show local minima. These differences in 
morphology are intriguing. Gonatas et al. (1992) attribute the difference in the 
apparent distribution of HCO+ compared to other tracers to a different 
chemistry for HCO+. They invoke shock chemistry in the molecular outflow. 
Although shock chemistry cannot be ruled out, it seems umrecessary in view  
of the clear self-absorption in the HCO+ J=l-»0 transition. The HCO^ spectra 
exhibit throughout their map strong absorption at 11.75 km /s, very similar to 
the main absorption in CO, which occurs on average at 11.3 km /s. It indicates 
that the HCO+ J=l->0 transition is optically thick. Such an absorption feature 
is not present in the HCN or H2CO spectra. Therefore, we conclude that the 
morphology of the HCN and H2CO maps is more representative of the 
location of the dense gas.
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4 ) N H s
We have already mentioned the various low resolution studies ol llu' 
N H 3 (1,1) and NH 3 (2,2) transitions (at 23.0V GHz and 23.72 GI Iz) in the Mon 
R2 region. In this discussion we focus only on high-resolution observations 
of the cloud core, as presented by Montalban et al. (IVVü) and Torrelles et al. 
(1990), w ith beam widths of 42" and IT', respectively.
The N H 3 (1,1) emission map of Montalban et al. shows peaks that are 
displaced relative to the peaks in CO or HCN. More specifically, the ;ieak in 
N H 3 is about V east of the peak near 1RS 3 seen in all molecules studied 
previously. U nfortunately, the m aps of HCN and CO do not extend far 
enough to include the N H 3 intensity peak south of the southwest peak seen 
in CO, HCN, H2CO and H CO ' . However, we should note that all molecules 
share one common feature-their intensity drops quite dram atically in the 
region between the two peaks. The presence of this local minimum indicates 
that the molecules have been destroyed, wliich is not surprising since the area 
corresponds to the H II region. The interior of an H II region contains too 
m uch ultraviolet radiation for molecules to survive.
Torrelles et. al (1990) used the VLA w ith a resolution of - 3" for NII3 
(1,1) and (2,2) observations of a 2'x 2’ area. Figure 25 shows our CO clump 
distribution superim posed on the N H 3 maps. The contour map represents  
the integrated intensity of the (1,1) ammonia line and the grey-scale (although 
the contrast is not evident in these figures) corresponds to the integrated 
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F ig .  2 5  Our C O  clum p  d ism b u tion  superim posed  on the V L A  N H 3 m ap (3"). T he  
arc-like structure .seen in the N H 3 m ap. w hich  is  40" to the so u th w est o f  the HII region , 
co in c id es  with clum ps 2. 3 and 10. T he ab.sence o f  N H 3 from  other parts o f  the map is 
surprising, s in ce  all other m o lecu les sh o w  an in tensity  peak at 1RS 3 (in c lu d in g  N H 3 from  
single-antenna work). The circle in the box represents the w idth o f  the V L A  beam .
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the ammonia maps shows that the NH3 structure is 40" to the southwest of 
the H II region and coincides with clumps 2, 3 and 10. It is dit'ficull to 
understand the absence of NI-I3 emission from other CO clumps. In 
particular, all other molecules peak in intensity at 1RS 3 (including NII3 from 
single-antenna work),
In summary, the arc seen in high-resolution ammonia maps is south 
of the infrared cluster and the II II region; furthermore, those maps show no 
emission peaks where all the other studied molecules concentrate. Although 
the reason is not obvious, it should be noted that observations have indicaled 
previously that ammonia maps can be very different from maps of oilier 
molecules. One example is L1551, which was observed by Wamsley .-.id 
Wilson (1985). They found that the main ammonia peak is parallel to the 
outflow (which is true for Mon R2, too) and perpendicular to the intensity 
peak of CS. These differences might be due to real molecular abundance 
variations across the clouds.
a
Hi) Comparison of  CO clump lUstribution ioilh . ^iib ni ll li indcr ninI 
mil l imeter  conlinuuni maps
There are two recently published studies of the cloud cure of Mon K2 at 
sub-millimeter and millimeter continuum wavelengths by Walker et al. 
(1990) and by Henning et al. (1992). In the following discussion we iticlude 
only the results of the latter, since the resolution is higher (18" and 11") than 
in the former study (only 30"). Figure 26 shows the 870 pm continuum map 
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F ig . 2 6  Sub-m illim eter and m illim eter con tinu um  m aps o f  the core o f  the M on R2
c lou d  (adapted from H enning et al. 1992): (a) 870  |im  m ap w ith  18" resolu tion  and (b) a
17 0 0  jiin  map ( 11 "). The contours in  map (a) are sca led  in units o f  Jy/beam . The cro sses  
indicate the position  o f  the infrared sou rces fo llo w in g  H ack w ell et al. (.1982). M ap (b) 
indicates the location o f  the clum ps seen  at this w avelength . The continuum  clum ps that are 
asso c ia ted  w ith our C O  clu m p s ore c irc led . T he fille d  c irc le s  on the upper le ft corner  
represent the widtlt o f  each beam  used.
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The crosses indicate the position of the infrared sources following Hackwell 
et al. (1982), In map (b), the location of the clumps seen at this w.nelength are 
labeled. To avoid confusion with our CO  clumps we will refer to the 
continuum clumps with italics.
In Figure 27 we also present four new sub-millin\eter-millimeler maps: 
450 pm (14" resolution), 800 pm (14"), 1100 pm (20"), and 1300 pm (25"). 
These were obtained at the JCMT by G. P. Mitchell and ! 1. P. Matthews in 
November 1992. The 450 pm and the 800 pm maps agree very well with the 
870 pm of Henning et al. if the difference in resolution is considered. Our 
1100 pm map seems to agree better with the 1300 pm map hy 1 leaning el al. 
than our 1300 pm does. This is probably due to the fact that our 1300 pm map 
has significantly lower resolution (25") than the Henning et al. map has (11"). 
All maps show em ission that has a northeast-southwest direction. The 
central peak corresponds to the H II region.
The sub-millimeter maps show a considerably different intensity 
distribution from the millimeter maps. In the sub-millimeter maps there are 
three peaks: one is at the ceritre of the map and is on a common plateau of 
intensity with a second peak towards the east. The third peak is to the west. 
The shapes and relative intensities of these emission peaks, however, change 
with wavelength. At the millimeter wavelengths, the central peak is clearly 
the most intense one. Variation in the morphology of the maps with 
wavelength is evidence that the relative importance of the involved physical 
processes must be different. We will discuss this in further detail.
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F ig . 27  Our subm m -m tn  m aps: 4 5 0  lam (,14" resolu tion), 800  jam (14"), 1100 )im
(20"), and 1500 ,um (,25"). N ote the d ifferen t m orp h ology  seen  in the subm m  and the m m
m aps. The ceiiu ’al peak in the m m  m aps 0 1 0 0  pm  and 1300 |am ) corresponds in p osition  
and extent to the HII region. The tilled  c irc les  on tiie upper left co m er  represent the w idth  
o f each beam  used.
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Figure 26 indicates that the central peak has a significant extension to 
the north. This extension is spatially close to the infrared source 1RS 5. Aspin 
and Walther (199Ü) propose that 1RS 5 is the outcome of the expansion of the 
H II region into a lower density medium than the rest of the ambient cloud. 
Therefore, this extension could be evidence for a blister model for the II 11 
region.
Even if the north extension is due to the expanding 11 11 region, how 
does that explain its absence from the sub-millimeter continuum inap.s? In 
order to address this issue, the various physical processes involved must he 
considered. Thermal dust emission is being traced in the sub-millimeter 
wavelengths; on the other hand, in the millimeter region, the free-free 
emission from the ionized gas becomes important. Walker et al. ( I WO) find 
that a 30" radius region (that includes 1RS 5) has a significant contribution of 
free-free emission at 1300 pm (5.3 Jy out of a total observed flux density of 22 
Jy). Therefore, it is plausible that the extension coming from the l i l t  region 
seen at 1300 gm is due to the contribution of the free-free emission of the 
ionized gas, which is the reason it is not seen in the dust-tracing ma;)s.
In order to compare the CO clump distribution with the continuum 
maps, we present in Figure 28 our CO map overlain on the 800 gm map. Our 
conclusions are the same for the 450 pm map (our other two maps have too 
low resolution to be compared effectively). We see from the figure tliat a 
number of the CO clumps correspond to continuum clumps. Clump 1 
corresponds to a distinct intensity peak in the continuum, which is slightly 
displaced towards the southwest from 1RS 3 (its position is noted by a c ross).
122
- 6% l' o'








F ig . 2 8  Our C O  d u m p  distribution superim posed  on ou r 800  |im  contour map. A  
tew  C O  clum ps, nam ely 1. 2 ,  3 .4 ,  5 and 10, correspond fairly w e ll to continuum  clum ps. 
T he p osition  ot 1RS 3 is noted  by a cro ss . In the continuum  map note a stron g peak 1'
w est 01 the location  o f  1RS 3. w hich  is noted as clum p 2 in  the 1300 |im  m ap by H enning  
et al.. The reason that this clum p d o es not appear d istin ctly  in the C O  m aps is  not knowtn  
T he tilled  circle on the upper left co m er represents the w idth o f  the beam .
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Clumps 2, 3 and 10 in CO roughly coincide with peaks in the suuthern 
extension of the continuum emission. CO clumps 4 and o correspond to 
continuum emission peaks to the north of 1RS 3. Clumps 3, 7, X, v, II, 12 ami 
13 do not coincide with the intensity peaks seen in the suh-millimeter and 
millimeter maps. The comparison between the CO and the continuum maps 
becomes more meaningful if we recall the CO clumps that are visible in the 
HCN and the H2CO maps. The higivdensity (11112 > lü'* cnr^) chimps 1, 2, 4
and 6 are seen in all maps and clump 1Ü is seen in CO, and marginally in the 
HCN and the continuum maps. This reinforces our conclusion that the CO 
emission traces the location of most of the gas.
In our previous discussion we did not mention two intriguing features 
seen in Figure 28. Firstly, there is a strong feature in the continuum maps but 
not in the molecular line maps: a strong peak T west of the location of IKS 3 
(the position of 1RS 3 is indicated with a cross). This continuum peak is noted 
as clump 2 in the 1300 pm map by Henning et ni. (Figure 26). The continuum 
peak T west of 1RS 3 is also a present in the NII3 and 1 ICO* high resolution 
maps, but is at the edge of the HCN and H2CO distribution, without being a 
discrete "clump". The nature of the continuum clump is not obvious; it is 
different than 1RS 3, because it does not appear in maps of all wavelengths. 
Although the CO maps show an enhancement close to its position (clump .3), 
there is no indication of a discrete clump. It is an open question why this 
clump does not appear distinctly in the CO maps.
Secondly, the major difference that emerges from the comparison of 
the continuum maps and the other molecular line maps is that the main 
central peak in the 800 pm map is not detected in C()-or any other molecule
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for that matter. The peak in the sub-millimeter and millimeter wavelengths 
at the position of 1RS 1 corresponds to a local minimum in the molecular line 
maps. The presence of intense radiation at sub-millimeter and millimeter 
wavelengths from 1RS 1 reinforces our interpretation that the position of the 
minimum seen in the molecular maps indicates a region where the 
molecules are photodissociated by ultraviolet radiation originating from the 
star that has created the H II region. Although there are no molecules in this 
region, the column density of dust is high, as shown from the intensity peak 
in the sub-millimeter and millimeter maps.
We superimpose the VLA continuum map at 1.3 cm by Massi et al. on 
our 450 pm and 1100 pm maps in Figure 29 (i and ii). We believe that the 
displacement seen in the relative location of the two peaks in the 450 pm map 
is real (Figure 29 i). The 450 pm intensity peak is due south of the 1.3 cm 
peak. This displacement probably indicates that the dust column density is 
higher at the shell around the ionizing star than at the actual position of the 
star. The intensity peak seen at 1100 pm corresponds exactly to the peak in the 
radio continuum map. This strongly suggests that the free-free emission is 
becoming increasingly important at millimeter wavelengths, and that dust 
emission is becoming less important. Therefore, radiation at 1100 pm traces 
more closely free-free emission from ionized gas than the maps of shorter 
wavelengths. Figure 29 ii shows that there is a displacement between the 
position of 1RS 3 as seen in the 2.2 pm image (denoted with a cross) and the 
peak of the corresponding clump in the sub-millimeter continuum maps. 
This is also seen in the maps by Henning et al. (1992). One interpretation 
could be that the dust associated sub-millimeter peak is displaced relative to 





F ig .  2 9  ( i)  The V L A  continuum  m ap at 1.3 cm  by .Ma.s.si et al. Nupeiinipo-sed oti our 
4 5 0  jam m ap. T he 4 5 0  |0,m intensity peak is due south o f  the 1.3 cm  peak, w hich indicates 
that the dust colum n density is higher at the sh ell around the ion izing star than at the actual 
p osition  o f  the star. T he position  o f  1RS 3 as seen  in the 2 .2  pm  im age (denoted  with a 
cross) is di.splaced from the peak o f  the co n e sp o n d in g  clum p  in the continuum  m aps seen 
in  the 4 5 0  p m . T he d isp lacem en t cou ld  be ex p la in ed  if  the dust assoc ia ted  due to the 
heating  o f  the dust c lo se  to the HII region . T he fille d  c irc le  on the upper left corner  
represents the w idth o f  our beam .
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F ig . 2 9  ( i i)  The V L A  continuum  m ap at 1.3 cm  by M assi et al. superim p osed  on  our
1101) |.im map, The intensity peak seen  at 1100 |im  corresponds exactly  to the peak in the
radio continuum  map. w hich  su g g ests  that the radiation at 1 100 |im  probes m ore c lo se ly  
fVee-tVee em i.ssion from  the HII region than the m aps o f  shorter w avelen gth s. T h e filled  
c irc les  on the upper left com er represent the w idth o f  each beam  used. The filled  circle on  
the upper left com er repteseiiLs the w idth o f  our beam .
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The new sub-millimeter and millimeter maps presented here have luU 
yet been calibrated, su they cannot be used quantitatively. I'heretore, 
although we can compare our maps with the CO clump distribution and the 
other dense-gas tracers, we have to use the masses for tire clumps seen at sub­
m illim eter and millimeter w avelengths calculated by Henning et al. These 
authors find seven clumps in their map, which we denote with italics so they 
can be distinguished from the CO clumps. They suggest that their clumps 
4, 51 6 are at the same position as the infrared sources d, 1RS 4, 1RS 2, 1RS 1, 
and 1RS 3. However, we find by carefully overlaying Aspin and Wallher's 2.2 
gm  image on the continuum  m ap that, the coincidence between the intrared 
sources and the clum ps on the continuun. m aps is not very good. We 
sum m arize in Table VII the CO clumps which are related to the continuum 
clumps and the infrared sources. The question mark s igni l ies  a case which is 
am biguous in our opinion.
We com pare the total CO column ciensities (i.e. the column density 
integrated over all velocities) for positions w here both CO and continuum 
clumps are seen. H enning et al. calculate the total masses for the clumps lor 
two dust temperatures; 20 K and 50 K, assuming a gas to dust ratio ul Hill. We 
use the masses for 50 K given by Henniiig et al. (to be justified later] and we 
measure the diam eter of the continuum d um ps to get  a crude estimate of the 
total column density. A ssum ing that the abundance ratio of CO and 11̂  is 
10~ ,̂ we obtain the CO column density. These values of the co lu m n  density 
have approxim ately  30"/o uncertain ty , m ainly d u e  to the error m tlie 
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We have already ii^dicated that there are three clum ps iti tin* map oC 
H eim ing et al. that coincide approxim ately w ith peaks seen in the CO 
emission map and with infrared sources in the 2.2 pm image. We find that 
the total CO column density for clump 1 from CO is Ntot(CO) =-- .1.7 x 
cm*2 and a t continuum  clump s , Ntot (CO) is 2.2 x 1Ü*'* car -. At the position 
of clump 2, Ntot (CO) is 4.3 x 10'^ cm - and at continuum  clump i , Niui (CO) 
is 2.6 X IQiy cm '-. Finally, at the position of clum p 4, Nu,i fCO) is 2.o \  
cin'2 and  at continuum  clum p 4 ,  (CO) is 5.3 x cm -. For clumps 1 
and  6, the colum n densities calculated from CO and continuum  emission 
show a discrepancy of a factor of 6 . C lum p 4 has a column density that is 20 
times smaller than that calculated for clump 4 .  Clump 4 ,  however, is not very 
distinct in the continuum  map and, furthermore, it is not as close to clump 4, 
as the other continuum  clum ps are close to their corresponding CO dum ps. 
Therefore, we conclude that the ratio of the total column density calculated 
from the continuum  and from CO is approxim ately o. This indicates tliat 
although the CO can detect the position of the dense gas, it cannot reliably 
determine its total column density, because it is optically thick al the line core. 
It is almost certain that the column densities at the center of the CO line are 
underestim ated due to the self-absorption of the gas.
iv) Camparison of the column densiLm calculai.nd from lûmq’inin Jim'i 
in Tic o  with those obtained from CO.. t’mivsioti linc^
We briefly sum m arize another technique to calculate the total c o l u m n  
density, which is based on '^CO fundamental band absorption lines at 4.7 pm
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(transition from v -  0 to v = 1). Often the absorption lines are strongly 
saturated, and therefore they are not useful to obtain column densities. In 
such cases, fundamental band absorption lines of are unsaturated; thus, 
a curve-of-growth analy sis can be used to obtain the total column densities of 
the absorbing gas. By definition, the equivalent width of the line is given by
dX, (28)
where Iv is the intensity at frequency v and Ic is the intensity of the 
continuum.
A,’Substituting dX = — dv  and lv= Ic f in the previous expression (assuming
no emission), we have
W, = ^ | ( l -£ - '') •  dv. (29)
If the velocity distribution is Maxwellian, equation (29) can be written in the 
form (Spitzer, 1978)
A V ^
where the Doppler broadening parameter, d vj /2 is the width
measured at the half-intensity level, and by definition F(Zo) is:
f t r j s  J|i - e x p ( - V ‘‘)]-d'jc. (31)
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The optical depth (To ) at the line centre is given by
(.1:)
where Nj is the column density of the absorbing gas in the lower state and 
is the upward absorption oscillator strength from transition level j to level k.
and i) can be measured from the spectra, is calculated using 
equation (30) and % is obtained using equation (31). liquation (32) can be used 
to derive the gas column density in the lower state.
In Figure 30, a portion of the spectrum of Mon R2 1RS 3 obtained by 
Mitchell and Maillard (1993) is presented. The analysis that follows was done 
by G. F. Mitchell. The mean *^CO line width is A v i/2 = 3.5 km /s, which 
corresponds to a Doppler broadening parameter of b= 2.1 km /s. We present 
in Table VIII for each line the measured equivalent width, W^ the calculated 
line center optical depth, t», the ratio Ej/k (where k is the liolt/mann  
constant) and the column density at level J, Nj. In order to calculate the total 
column density for all levels, it is necessary to determine the temperature of 
the gas. If the states are thermally populated then the IJolt/mann equation 
applies. Thus, the plot of ln[Nj/(2J+l)] versus Ej/k should yield a straight line 
with the gas temperature being the inverse of the slope. In Figure 31 we 
present the excitation diagram, i.e. a plot of ln lN j/(2]+ l)l versus Ej/k. This 
figure indicates that the gas has two components with different temperatures: 
45 K and 310 K. The hotter component (310 K) is not detected by the CO 
J=3->2 transition. This is not surprising in view of Figure 31, which indicates 
that the emission from lower rotational states comes from the c o o l  gas 
component. We will not discuss the hot component any further.
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Fig, 30 High-resûlution (.6.9 km/s) infrared M-band (4.7 (im) fundamental 
absorption spectrum in '-^CO ot‘ 1RS 3. This is used to calculate the column density 
towai'ds 1RS 3 and the temperature of the gas.
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Fig. 31 Tlie excitation diagram for *^C0 is a plot of ln[Nj/(2J+l)l versus Ej/k. The 
two different slopes indicate that the gas has two components with different temperatures: 
45 K and 31Ü K. The cooler component (45 K) is detected in 1-CO, but the hotter 
component (310 K) is not detected by the CO J=3->2 transition.
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The 45 K temperature of the cooler component from absorption 
agrees very well with other estimates of the gas temperature. It has been 
already mentioned that ammonia studies by Montalban et ni. fistyo) and 
Torrelles et al. (1990) find that the kinetic temperature in the cloud core is 
between 20 K and 30 K on average and it exceeds 45 K toward the position of 
the embedded infrared sources. Purthermore, far-infrared observathms (.h) 
pm, 50 pm and 100 pm) at the core of the Mon K2 cloud by Thronson et al. 
(1980) indicate that the size of the mapped region increases with increasing 
wavelengths. These authors interpret this trend as a natural result of the 
radial temperature gradient expected for a centrally heated dust cloud. 
According to their model, the hottest dust is found at the position of 1RS I, 
although a broad plateau extends to encompass 1RS 3, IKS 2, and 1RS 5. 
Beyond these sources, the grain temperature, Tg, drops rapidly. A mean 
value of Tg for the entire source estimated by Thronson et al. is 50 K. 
According to a more recent, 1 millimeter study of Chini et al. (1984) the dust 
temperature is 60 K. This value seems more appropriate than that of 
Thronson et al., if the gas (Tg a .S s 45 K) is wanned by the dust. This 
discussion indicates that our 45 K estimate of the gas temperature is very 
consistent with other observations.
Since we are confident about the deduced temperature, we can proceed 
with the 13(20 absorption line analysis to calculate the average value of N 
(13(20), Using that the gas temperature is 45 K, G. 1-. Mitchell finds that the 
total column density at the position of IKS 3 is N (’3cX)j = 9.(14 x lO'^ cnr^. 
This calculation, however, takes into account only the absorbing gas in front 
of 1RS 3; if one assumes spherical symmetry then the column density s h o u ld
136
bi! doubled. Furthermore, if the abundance ratio of to is equal to 60, 
then Ntui ( ‘^CO) is 10.8 x lÔ * cm 2.
With the absorption technique one measures the column density of 
the quiescent gas in a narrow column with a subarcsecond diameter. With 
the sub-millimeter technique (continuum or line) one measures the column 
density of the quiescent gas in a sampling column with a large diameter. The 
continuum study yields for continuum clump 6 that Ntot('^CO) is 2.2 x 10^̂  
cm'2. A discrepancy of a factor of 2 between them is not surprising given the 
different techniques. We believe that the absorption technique is the better 
one of the two, since there are fewer approximations needed than in the 
calculation of the column density from the continuum data.
The method of finding the column density from our CO emission  
observations has already been explained in detail. Thus, we calculate the total 
'2CO column density at the position of 1RS 3, by summing the column 
densities for the whole range of velocities where CO is detectable at this 
position (0", 0"). We find that the total column density is Ntot(^^CO) = (3.7 ±
0.5) X 10 '̂  cm'2 at 1RS 3. Note that the quoted error is the standard deviation 
of the calculated uncertainty of the column density due to the limited rms of 
the data. From the comparison of the total column density from CO with that 
from the other methods we conclude that the true uncertainty for our CO 
calculation of N^n is considerably larger than the 15% error indicated from 
the error analysis.
A comparison of the total column density at the position of 1RS 3 
obtained from the CO emission clump, Ntot('^CO) = 3.7 x 10̂  ̂ cm'2, with the
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absorption line value, Ntot('“CO) = 10.8 xlO^  ̂cm -, indicates that the column 
density deduced from the CO observations is about 30'X, of the total mass in 
the line of sight. It has been suggested that CO locates the position of the 
dense gas because the CO clumps with deduced high density are also seen in 
the dense-gas tracers, such as HCN and H2CO. Therefore, although tlie CO 
emission does trace the location of the denser gas, it "sees" only - 3h'%, of the 
total mass. This suggests that the masses of the clumps may be three times 
larger than what we find based on our CO emission observations ( Table IV). 
However, this does not alter our conclusion that the clumps arc dissipating.
b. CO high-velocity clumps ami the large-scale CO outflow
It has been pointed out already that the CO clumps do not show any 
obvious bipolarity. They seem to be scattered in space, with no preference in 
any direction. These observations suggest that the moving clumps may 
presently not be directly related to the large outflow (28') seen in CO. On the 
other hand, the diffuse component seen in the CO channel maps (I igure 32) 
has a bipolar tendency, since the maps of approaching gas have a general 
enhancement to the northwest and some maps of receding gas show an 
enhancement to the southeast. The observed trend is consistent with the 
outflow mapped by Wolf et al. with a beam width of 90 ". This agreement is 
an indication that there is some connection between the present complex 
structure seen in the CO maps and the previously observed outflow.
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Fig. 32 Integrated intensity maps for the velocity ranges of 9 to 10 km/s and 16.5 to 
17 km/s. The approaching component of the diffuse gas is concentrated toward the 
nortliwest and ilie receding component is enhanced in the southeast.
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The size and age of the outflow indicate that it must have injected large 
amounts of energy in the core region. We believe that the clumps formed 
from the interaction of the large outflow with the ambient gas due to 
hydrodynamical instabilities. Since the outflow is so old (U)'’ years) and 
extended, it is possible that the clumps are now free to move independently 
from the outflow.
The outflow probably originates from one of the infrared sources. 
None of the known infrared objects in the Mon R2 core, however, can be 
clearly labeled as the source. 1RS 3 is surrounded by high-velocity gas. The 
motion of this gas shows no obvious preferred direction. It is possible that 
1RS 3 was responsible for the outflow but it consequently went through a 
quiescent phase; thus, in the vicinity of 1RS 3 the motion of the gas can be 
determined by the characteristics (temperature and density) of the quiescent 
gas.
If the source of the outflow was 1RS 3, wo find that the time needed for 
the CO clumps to travel, with their bulk velocity, the distance to their current 
position is between 2 x 10'̂  years and 4 x 10  ̂years. The age of the outflow (see 
section c-ii in Chapter I) is estimated to be approximately 10̂  years. Therefore 
it is possible that the outflow is responsible for the motion of these clump.s. 
Note that the time needed for the clumps to dissipate due their internal 
motions is 2 x 10  ̂ years (see section e in Chapter V). Therefore, the c lu m p s  







I ig. 33 The CO cluinp mass versus the bulk velocity of each clump (Vb) from Table VI.
U 1
Figure 33 shows the CO clump mass versus the bulk velocity ot each 
clump with respect to the whole cloud. It is evident that the tastesl Cvi 
clumps have the lowest masses. A model that could explain this velocity 
distribution of the clumps is proposed by l.ada (l%5) and Shu et al. (IWl). A 
steady wind would make the small light clumps experience the largest 
acceleration and move farthest from the central source. CO j -2 > I 
observations of the outflow by Meyers-Uice and l.ada tiy*jl) w ith a beam 
width of 60" suggest that the velocity of the gas increases vvilh increasing 
distance from 1RS 1, which they consider to be the driving source ol the 
outflow. Our higher resolution observations, however, do not indicate that 
the CO clumps are distributed in space according to ascending velocities; ihis 
may suggest that the current motion of the CO clumps is not determined by 
the larger outflow.
We have calculated that the gravitational binding energy is 4.2 x U)''’ 
ergs, more than an order of magnitude smaller than the kinetic energy of the 
outflow found by Wolf et al., i.e. 2.9 x ergs. The large difference sugge.sts 
that interaction between the outflow and the cloud core is capable of 
disrupting the cloud core.
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VII. CONCLUSIONS
In this thusis, the star forming core of the Mon R2 cloud is investigated 
using new, high spatial resolution observations. The new data include: an 
emission map of J=3->2, emission lines at 12 positions for J=2->1 
and ĥ CO J==3“>2, maps of UCN J=4->3 and H2CO = 5, 5 -> 4, j, an infrared
M-band spectrum, and finally sub-millimeter and millimeter continuum  
maps (450 pm, 800 pm, 1100 pm and 1300 pm).
The results can be summarized as follows:
1. Emission in the J=3->2 transition shows structure on a variety of 
scales. The region is characterized by large-scale intensity enhancements 
(com plexes) and by smaller em ission peaks (clumps) w ithin the 
complexes. We identify two different groups of complexes, one for the 
approaching gas and one for the receding gas. The complexes incorporate 
13 smaller intensity peaks (clumps), some of which have large velocity 
dispersions. The CO clumps are not distributed in a bipolar fashion.
2. The strongest CO emission is distributed around a central area of lower 
intensity, which corresponds to the compact H II region in the cloud core. 
The II II region is deficient in m olecu les probably due to 
photodissociation, and hence corresponds to an intensity minimum in the 
molecular maps.
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3. From J=3-^2, and J=3-42 observations we find that the
CO excitation temperature, varies between 3 and oO k. The lowest 
temperatures occur for the fastest moving gas; the reason is unclear. The 
agreement between the results using the optically thin and the optically 
thick methods is very satisfactory.
4. The masses of the clumps range from 2.7 to U.HÜ7 Mq, on average much 
larger than those observed in other clumpy outflows, which are typically 
between 0.5 and 1 CI"4 M©- The total gas mass of all CO clumps in the Mon 
R2 core is approximately 15 M©. which, although significant, is only S'%, of 
the mass of the quiescent gas in this core (= 200 M©; Henning et ai. IW2). 
Since the CO clumps are dissipating they are not in the process of forming 
stars.
5. The extended outflow must have injected large amounts of energy into 
the core region. We believe that the clumps formed from the interaction 
of the large outflow with the ambient gas. The fact, however, that our 
high resolution observations do not indicate that the CO clumps are 
distributed in space according to ascending velocities, suggests that the 
motion of the CO clumps is no longer determined by the larger outflow.
6. The strongest peak coincides with 1RS 3 in the integrated intensity maps of 
HCN J=4->3 and H2CO  ̂ = 5,, 4 , emission. These molecular maps
are used as probes of dense gas since the transitions require high densities 
for their excitation. By comparing the CO map with the 1ICIM and tlie 
H2CO maps we conclude that the CO J=3->2 transition traces the position 
of dense gas in Mon R2.
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7. The common peak for all sub-millimeter and millimeter continuum  
maps (close to 1RS 1) is spatially coincident with the H II region. We 
conclude that the 1RS 1 peak seen in these maps is due to emission from 
dust in and around the H II region. Even though the central peak is 
almost at the same position, there are other features that are not common. 
One of these features is the enhanced emission seen at 1300 pm, which is 
probably due to free-free emission from the H II region. Finally, another 
intriguing peak in the continuum maps is the clump seen T west of 1RS 3. 
It also appears in IICO+ and NH3 maps, but has no distinct counterpart in 
CO, HCN or II2CO emission. This peak is different from that seen at the 
location of 1RS 3, because it does not appear in maps of all wavelengths. 
The nature of this clump is not yet clear.
8 . Analysis of absorption lines in an infrared spectrum of 1RS 3
indicates that the gas has two components with temperatures of 45 K and 
31Ü K, respectively. The value of the temperature for the 45 K component 
is in accord with other estimates, including the one presented here from 
the CO J=3-*2 transition. The column density toward 1RS 3 deduced from 
the absorption lines is 1.1 x lOd  ̂ cm‘2, which is in reasonable agreement 
with that derived from continuum emission, 2.2 x 1Q19 cm*^. The 
discrepancy of a factor of 2 could be due to approximations used for the 
latter calculation. If we compare these column densities (from the 
continuum maps and the infrared absorption) with the column density 
derived from our CO observations, we conclude that a large fraction of the 
dense quiescent gas (70-80%) is missed in the CO emission line analysis 
due to self-absorption.
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9. The sum of the magnetic (3 x lO'̂  ̂ erg) and the gravUatianai binding 
energy (9 x erg) is somewhat smaller than the total kinetic energy of 
the inner core of the Mon R2 cloud (15 x 10*  ̂ erg). Therefore, we conclude 
that, as a result of energy injected by star formation, the Mon R2 core could 
be either in the process of disruption or in a state of dynamical 
equilibrium.
10. The extended bipolar outflow probably originates from one of the infrared 
sources. None of the known infrared objects in the Mon K2 core, 
however, can be clearly identified as the source. The high-velocity gas 
around 1RS 3 (the only infrared source associated with fast moving gas) 
does not show any obvious preferred direction or any clear connection 
with the extended outflow. Another possibility is that the originating 
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